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The introduction of ceramics into the market of wood cutting tools has failed so far due to the 
generally low toughness of ceramics which is causing brittle failure of the cutting edge. A fea-
sibility study showed that Si3N4/SiC composites with fine elongated β-Si3N4 grains are a prom-
ising material for industrial wood machining and outperform commercial standard tungsten 
carbide tools in terms of lifetime. However, they were produced by hot pressing followed by 
very costly diamond cutting and grinding. The costs associated with the above production 
route are too high for an industrial viability. 
In this thesis Si3N4/SiC composites suitable for industrial wood milling are produced by a near 
net shape processing route including gas pressure sintering. These newly developed tools 
show less abrasive wear and consequently twice as long lifecycles than commercial standard 
tungsten carbide tools. Microscopic properties determine the performance of the Si3N4/SiC 
cutting tools. Therefore, an adequate selection of sintering additives is crucial. 12 wt% sinter-
ing additives are included in the composite as a combination of Al2O3 and the refractory oxides 
La2O3 and Y2O3. Important for the production of effective Si3N4/SiC wood cutting tools is the 
formation of a partly crystalline silicate phase within the multiple grain junctions during the final 
treatment by hot isostatic pressing. The use of MgO as a sintering additive for facilitating the 
densification of the Si3N4 ceramics inhibits the formation of the favourable silicate phase and 
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ae depth of cut 
AN Area occupied by a nitrogen atom 
B width 
d diameter 
E Youngs modulus 
EDX energy dispersive x-ray 
EFTEM energy filtered TEM 
ET edge toughness 
F force 
Fcent centrifugal force 
fz tooth feed 
GPS gas pressure sintering 
H hardness 
HIP hot isostatic pressing 
hm chip thickness 
HP hot pressing 
IF indentation fracture toughness 
KIc fracture toughness  
m mass 
MDF medium density fibre board 
MF micro chamfer 
n rotation speed 
NA Avogadro number 
PLS pressure less sintering 
S1,2 span size 1 (outer) and 2 (inner) 
SBET specific surface are after Brunauer-Emmet-Teller method 
SEVNB single edge V-notch beam 
STEM scanning transmission electron microscopy 
TEM transmission electron microscopy 
V volume 







z number of cutting inserts 
γ shear rate 
η viscosity 
µ friction coefficient 
ρ density 
ρArchi density determined by Archimedes method 
σ strength  
τ shear stress 
Φ angle of action 
 





1 Introduction and motivation 
 
Wood as an environmental friendly alternative to other building materials is gaining more 
and more importance in the construction industry (WÜR10). For economical reasons there 
is a tendency to raise the cutting speed (COS02, HOF01). However, this leads to higher 
demands on the cutting tool material. Industrial wood cutting is a challenging process, as 
wood by its nature is inhomogeneous. It contains hard knots, abrasives such as sand, and 
tannins – a type of acid. Temperatures up to 800 °C have been estimated at the cutting tip 
during wood machining (STE93). Further, no coolant can be used as this would impair the 
surface quality of the cut wood. 
Silicon nitride (Si3N4) has a high chemical inertness, high strength, good hardness and 
relatively high fracture toughness for a ceramic material. It can thus withstand high struc-
tural loads at high temperatures. The reinforcement with silicon carbide raises the hard-
ness and the thermal conductivity and thus improves the wear resistance. Furthermore, 
the low density of Si3N4 ceramics is less than 25 % of commercially used tungsten carbide 
tools. This allows the operation of the miller at higher rotation speed which again increas-
es the productivity. In a previous feasibility study, up to 3 times longer lifecycles were 
achieved with cutting knives made from Si3N4/SiC composite compared to commercial 
standard tungsten carbide knives (EBL07). These ceramic matrix composites were pre-
pared by hot pressing followed by diamond cutting and grinding. The machining costs as-
sociated with this process were far too high for a successful industrial production. Hence, 
a near net shape processing route including for example gas pressure sintering or pres-
sure less sintering is required for the production of the Si3N4/SiC cutting tools. 
Due to the covalent character and the low self diffusivity, Si3N4 and SiC materials are con-
solidated by liquid phase sintering with the help of sintering additives - which together with 
the SiO2 from the Si3N4 powder provide a liquid phase. The sintering additives remain in the 
microstructure at the grain boundaries and in the multiple grain junctions. Hence, they are 
crucial in determining not only the sintering behaviour but also the mechanical properties and 
performance of the ceramic composite. Rare earth oxides e.g. form a refractory grain bounda-
ry phase and induce an acicular microstructure leading to Si3N4 ceramics with good mechani-
cal properties which are maintained up to high temperature. However, the liquid melt of the 
rare earth oxides is highly viscous and densification is impeded. Addition of MgO or Al2O3 sin-
tering additives reduces the viscosity and lowers the softening temperature of the glass 
phase. Thus, the densification is enhanced, but at the same time the mechanical properties 
are lowered. A similar effect is observed when increasing the overall quantity of sintering addi-





tives: on one hand this positively affects the densification behaviour but on the other hand it 
diminishes the mechanical properties such as hardness and strength. 
The aim of this PhD thesis is to develop a sintering additive system for Si3N4/SiC composite 
which allows sintering to full density by near net shape processing and which leads to an ap-
propriate microstructure and properties for the wood cutting application. Prerequisite for good 
cutting performance are a high hardness (ideally ≈ 20 GPa) for minimising the wear, high frac-
ture toughness (≈ 5.5 MPa√m) in order to avoid brittle failure and high strength (≈ 800 MPa) 
for bearing the high loads which are acting during the cutting process. For a high quality sur-
face finish on the machined wood the cutting tip of the tool must be sharp. The average grain 
size is therefore restricted to < 1 µm in order to be able to fabricate smooth cutting edge with a 
tip radius around 2 µm. 
The initial steps of the Si3N4/SiC tool development with the investigation of the near net shape 
techniques are described in chapter 5. The aim was the production of dense Si3N4/SiC com-
posites with similar mechanical properties than obtained by hot pressing. Furthermore, the 
role of hot isostatic pressing as a post sintering treatment was examined. The following theses 
are revised: 
Thesis 1: Dense Si3N4/SiC composites suitable for wood machining can be produced 
by an industrially viable near net shape processing method. 
Thesis 2: The performance of Si3N4/SiC wood cutting tools is governed by the bulk me-
chanical properties such as strength, fracture toughness and hardness.  
In chapter 6, the intergranular phase was characterised and compared to the cutting tools 
from the feasibility study. The influence of the intergranular phase on the cutting edge integrity 
was studied. Thesis 3 and 4 are investigated: 
Thesis 3: The edge integrity of Si3N4/SiC wood cutting tools is governed by microscop-
ic features and not by bulk material properties. 
Thesis 4: Magnesium oxide as a sintering additive is disadvantageous for the cutting 
performance of Si3N4/SiC wood cutting tools and must be avoided. 
Si3N4/SiC wood cutting tools with an optimised grain boundary phase were produced in chap-
ter 7. These tools were compared to commercially available tungsten carbide grades in terms 
of lifetime, cutting force, friction coefficient and corrosion resistance. Thesis 5 and 6 are dis-
cussed: 
Thesis 5: A micro chamfer on the clearance face of Si3N4/SiC wood cutting tools stabi-
lises the cutting edge without a loss of first cut quality. 
Thesis 6:  Near net shaped Si3N4/SiC wood cutting tools outperform tungsten carbide 
tools in terms of lifetime. 




2 Literature review 
 
2.1 Importance of wood 
Wood is one of the oldest building materials of humans. Since the paleolithic times, 2.5 
million years ago, wood has been an important material. It was used for spears, bow and 
arrows, as a fire material, for huts and canoes. When people settled down farmsteads and 
wagons were built from wood. Until the end of the medieval times wood was the most im-
portant building material. However, wood was more and more replaced by modern mate-
rials such as clay bricks, steel and composite materials after the industrialisation (RAD07). 
Today, new trends and legal directives for energy saving housing and sustainable building 
make wood a very attractive building material. It is an environmental friendly and renewa-
ble alternative to other building materials such as armoured concrete (WÜR10). The CO2 
emission and the energy consumption for the production of wood are lower than for other 
building materials, see Figure 2-1. Additionally, the insulation properties of wood are ex-
cellent: 10 cm of wood isolates as well as 160 cm of concrete (PRO10). 
 
Figure 2-1: Comparison of CO2 emission (KTB10) and relative energy consumption (NIE10) 
during the production of different building materials. The CO2 emission calculations are 
based on a bearing with 7.5 m length which can hold 300 kg/m. 
 
2.2 Structure of wood 
Wood is a natural product with an inhomogeneous fibrous structure, containing branches 
and hard knots. It is made up of cellulose and hemicellulose, which are the main constitu-
ents of the cell walls. Lignin and pectin act as a filler material and glue in between the 




cells. Secondary substances such as resins and tannins – a type of acid, are present in 
small amounts (HWC05). An electron microscopic view onto the transverse plane of 
spruce, illustrates the cellular texture (Figure 2-2 a). Due to the directional structure the 
properties of wood are strongly anisotropic. The three main planes of section: transverse, 
radial and tangential are shown in Figure 2-2 b). Not only the fibre direction determines 
the mechanical properties but also the water content plays a crucial role. Wood is a hy-
groscopic material and its water content depends on the relative humidity of the surround-
ing. The types of wood are often classified according to their density into hard (> 0.55 
g/cm3) and soft wood (< 0.55 g/cm3). A higher density generally leads to better mechanical 
properties. The hardness e.g. increases with the density of the wood (SCH90). Some av-
erage properties of a few selected woods are given in Table 2-1. Wood composites are 
man-made materials, which include a range of derivative wood products such as plywood, 
chip-, particle- or fibreboard bonded together with an adhesive. Common adhesives are 
phenol- and melamine-formaldehyde resins. The advantages of wood composites are that 
it can be designed to meet the application-specific requirement and it can be manufac-
tured from small diameter trees or trees with defects (WHC10). 
 
Figure 2-2: a) Cellular structure of softwood spruce (WHB10). b) Illustration of the three 
planes of sections (HWC05). 
 
Table 2-1: Selected properties of some woods parallel (II) and perpendicular (L) to the fibre 
direction (SEL97, WHB10). 
 density flex. strength Youngs modulus Brinell hardness 
 [g/cm3] [MPa] [GPa] [MPa] 
   II II L 
beech 0.76 132 14.4 71 34.5 
spruce 0.45 71 11 31 14 
balsa 0.16 19 2.9 2.5 0.09 
oak 0.71 97 12.5 58 33 
MDF 0.7 – 0.9 36 1.5 – 4.2   




2.3 Wood cutting process 
2.3.1 Basics of cutting 
A sketch of the cutting process in orthogonal milling is given in Figure 2-3 (left). Important 
machining settings are the depth of cut (ae), the feed rate (vf), the rotation speed (n), the 
number of cutting tools (z) and the tool head diameter (d). These settings determine the 
characteristic parameters of the cutting process such as the cutting speed (vc) calculated 
according to Equation 2-1 and the tooth feed (fz) given by Equation 2-2. Figure 2-3 (right) 
illustrates the parameter of chip thickness, which varies with the angle of action (Φ). The 
mean chip thickness hm is usually calculated at half the maximum angle of action (0.5 
Φmax) using Equation 2-3. 
 
Figure 2-3: a) Schematic drawing of a tool head of diameter (d) with a cutting tool. The fol-
lowing cutting parameters are described: tooth feed (fz), the depth of cut (ae) and the tool 
head rotation speed (n) (SHA09, PAL03). b) Drawing illustrating the calculation of the maxi-
mum chip thickness hmax at maximum angle of action (Φmax) and the mean chip thickness hm 
at half the angle of action (½ Φmax). 










sin( maxφ⋅≈ zm fh   Equation 2-3 
A closer view on the interaction of the cutting tool with the work piece in orthogonal milling 
is given in Figure 2-4. This interaction is characterised by three angles. The rake angle (γ) 
can have negative or positive values. A small rake angle increases the stability of the cut-
ting edge and increases the dissipation of heat from the cutting edge. An advantage of a 
large rake angle is improvement in the surface quality of the work piece. The wedge angle 




(β) influences the required cutting force. The smaller the wedge angle the smaller the cut-
ting force. However, a smaller wedge angle decreases the lifetime and the cutting edge 
stability. The clearance angle (α) constrains the free space between the cutting tool and 
the work piece and it reduces the friction and heat development during the cutting pro-
cess. From a general design point of view, the rake angle of a cutting tool should be small 
or negative when cutting hard materials (e.g. hardened steels or stone) in order to 
strengthen the cutting edge. On the contrary, the rake angle should be large when cutting 
softer materials for the purpose of improving the tip sharpness of the tool and decreasing 
the cutting forces (YAN09). Cutting tools used for wood machining require a very sharp tip 
for properly cutting the fibres. 
 
Figure 2-4: Description of the cutting edge. α: clearance angle  β: wedge angle, γ: rake an-
gle. 
 
The inhomogeneous fibrous structure of wood makes machining a very challenging pro-
cess. Compared to metal machining the cutting speeds used in wood machining are 5-20 
times higher. Normal cutting speeds are in the range of 60 m/s for soft wood and 40 m/s 
for hard wood (COS02). From an economical point of view there is a desire to further raise 
the cutting speed in order to increase the output of cut wood (COS02). An increase in cut-
ting speed (vc) requires higher spindle rotation speeds (n) at constant tool diameter (d) 
according to Equation 2-1 (MAI00). Consequently, the centrifugal force (Fcent) acting on 
the cutting tool with mass m increases exponentially (Equation 2-4). Hence higher clamp-
ing forces must be applied to the cutting tool for holding it in position. This requires stiff 
clamping and tool head materials, which are mostly steel based and heavy. A heavy tool 
head needs lots of energy for achieving high cutting speeds. A light weight cutting tool ne-
cessitates smaller clamping forces. Lighter or slender tool head materials can thus be 







=         Equation 2-4 




Experimental and theoretical works concerning the temperature at the near edge have 
been performed. They span between 200 and 800 °C (NOR01, STE93). Wood has a very 
low thermal conductivity of < 0.2 W/mK (WHB10) compared to metals ≈ 25 W/mK 
(HCM05). Therefore, very little heat is dissipated through the wooden work piece. Addi-
tionally and in contrast to metal machining, no cooling liquid can be used in wood machin-
ing as this would impair the surface quality of the wood. 
2.3.2 Cutting forces 
There are multiple forces acting on the cutting tip. The force which is experimentally de-
termined is the resultant force F on the cutting tip. It can be divided into various subsets of 
forces by vector addition in the THALES circle according to the theory of Merchant (see 
Figure 2-5, MER45). One common subset is the cutting force (FC) pointing in the direction 
of cutting and the feed force or normal cutting force (FCN). Further sets are the force tan-
gential (FS) and perpendicular to the shear plane (FSN), and tangential (FR) and perpen-
dicular to the rake face (FRN). The resultant force is strongly dependent on the work piece 
material, such as the mechanical properties, the fibre direction, the geometry of the cutting 
tool and on the process parameters. The cutting force increases with increasing rate of 
feed vf and increasing depth of cut ae. A reduction of the cutting force can be accom-
plished by an increase of number of teeth on the tool head or by increasing the cutting 
speed vc (COS02). 
 
 
Figure 2-5: Cutting forces in orthogonal cutting. F: resultant force, FC: cutting force, FCN: 
feed force, Fs: tangential force to the shear plane, FCN: normal force to the shear plane, FR: 
tangential force to the rake face, FRN: normal force to the rake face (MER45). 
 
 




2.3.3 Machining quality 
The machining quality includes the shape accuracy and the appearance of the surface. 
The surface quality is an important parameter for visible timbre constructions such as fur-
niture or window frames. Tool defects, tool misalignments or vibrations of the machine can 
hamper the surface quality. The quality of the surface is strongly dependent on the fibre 
direction relative to the cutting direction. Longitudinal cutting gives better appearance than 
a radial cut. For obtaining a good finish, the wood fibres must be properly cut through in 
order to avoid erecting of the fibres. Tear out or squeezing of the fibres yields an unaes-
thetic surface. Hence, tools with small wedge angles and small tip radii give a better sur-
face finish. Due to a lack of standards for the quality evaluation of the wood surface 
(MAI00), tactile comparison is still the quickest and most widespread method.  
 
2.4 Cutting tools 
The main requirements of a cutting tool are a high strength and fracture toughness in or-
der to avoid breaking or chipping of the material. Further a high hardness is a prerequisite 
for minimising the mechanical wear. A wide range of cutting tool materials is available for 
diverse machining applications. In Figure 2-6 these materials are classified according to 
their toughness and hardness. The hardness and toughness of a material are two oppos-
ing properties. Of course, an ideal cutting tool should have both high hardness and high 
fracture toughness and additionally good chemical stability to withstand the acids present 
in the wood. Due to the high cutting speeds and the low thermal conductivity of wood, the 
cutting material should also possess good heat resistance and thermal conductivity in or-
der to dissipate the heat from the sharp cutting tip. In wood machining high speed steel 
and cemented carbide cutting tools are mostly used. There have been research activities 
on diamond and ceramic cutting tools as well as on cutting tools with antiabrasive coat-
ings. The different types of cutting tool materials are elucidated in more detail in the fol-
lowing subchapters. Ideally a cutting tool should be able to machine all types of wood. 





Figure 2-6:  Interrelations of hardness and toughness of different cutting tool materials 
(YAN09). PCD: polycrystalline diamond; PCBN: polycrystalline cubic boron nitride; HSS: 
high speed steel; SKS: special tool steel 
 
2.4.1 High speed steels 
High speed steel are characterised by the high amount of alloying elements (> 7 %) such 
as W, Cr, Mo and V. This chemical composition in combination with a heat treatment 
gives this material a good hot hardness. Further the material is characterised by the high 
toughness which allows the design of cutting tools with very small wedge angles. This is 
an advantage especially in cutting soft wood. 
2.4.2 Cemented carbides 
Cemented carbide is the most frequently used cutting tool material for industrial wood ma-
chining. It is a metal matrix composite, where hard, mainly WC, particles are embedded in 
a ductile binder phase such as cobalt (MAI00). The use of WC has brought about a signif-
icant improvement in lifetime compared to steel-based tools. This was preliminary be-
cause of the superior hardness of cemented carbides (SHA99). The different grades of 
cemented carbides vary in grain size and amount of binder. Decreasing grain size and 
binder content increases the hardness and consequently reduces the wear of the WC cut-
ting tool. However, the drawback is a reduction in toughness and subsequently an in-
creased risk of chipping (SHA99, CER10, BYR03). 
2.4.3 Cermets 
As the term already indicates cermets are combinations of a hard ceramic phase and a 
metallic binder. However, the term is mainly used for WC free materials. The ceramic 
phase of cermets may consist of TiC, TiN, TiCN, TaC or ZrO2, with a binder phase of nio-




bium, molybdenum for example. Cermets have better hardness and wear resistance, but 
lower toughness than cemented carbides and a better corrosion resistance (BYR03). Due 
to the higher costs compared to hard metals, cermets are not used frequently. 
2.4.4 Polycrystalline diamond (PCD) 
Diamond is characterised by its extreme hardness, high thermal conductivity and low fric-
tion coefficient. It is manufactured by sintering together micron sized diamond grains at 
high pressure and temperature in the presence of a binder/catalyst, usually cobalt. Unlike 
cemented carbides, the individual diamond grains are actually bond to one another. PCD 
is therefore more resistant to wear as the grains are not pulled out so easily. PCD is how-
ever, more vulnerable to brittle fracture than tungsten carbides. The production of small 
wedge angles is therefore difficult. Small wedge angles are necessary for machining mas-
sive wood and they give a better surface quality. Chipping occurs especially when ma-
chining inhomogeneous wood (MIK00). Due to the high price and the susceptibility to 
chipping PCD is not used frequently for wood machining.  
2.4.5 Antiabrasive coatings 
A way of protecting the cutting edge from thermal, abrasive and oxidative attack is the 
deposition of a coating. However, it was found that coatings, such as (Ti, Al)N or (Cr, Al, 
Y)N (BER10), which are applied to metal cutting tools do not perform well when cutting 
wood (KOL84). The friction coefficient between the tool material and wood is relatively 
high. Consequently, the adhesion of the coating must be very good (DJO99, END99). 
Methods of deposition are for example magnetron sputtering, chemical or physical vapour 
deposition. Common problems observed when applying a antiabrasive coating are the 
premature failure (FAG06), limited adhesion (SHA03) or decrease in cutting quality. The 
coating of a cutting edge leads to an increase in edge radius, the thicker the layer the 
larger the radius. This decreases the quality of cut surface (END99). This problem can be 
solved by performing a final polishing step to sharpen the cutting edge. There are coated 
cemented carbide tool on the market for wood milling. 
2.4.6 Ceramics 
To my knowledge there are no ceramic wood cutting tools on the market up to day. How-
ever, in metal and polymer machining, ceramics have to some extent replaced steels and 
cemented carbides due to higher productivity (LIX94). The main benefit of ceramics is 
their high hardness, chemical inertness and thus good wear resistance up to high temper-
atures (SHA09). Ceramic cutting tools perform better than tungsten carbide tool especially 




in continuous machining at high cutting speeds. A further advantage is the low density of 
ceramics. As this would allow more economical working at higher cutting speeds (see 
2.3.1 Basics of cutting). The downside of the ceramics is the brittleness which can lead to 
premature failure and the slightly higher costs. Mainly two types of ceramics, Al2O3 based 
and Si3N4 based are used as cutting tools in non-wood machining. 
Al2O3 ceramics have a high hardness but are very brittle. They can be reinforced with a 
secondary phase e.g. TiC, TiN or ZrO2 to improve the mechanical properties (TÖN04, 
BYR03, BER10). Yan et al. draw the attention to the fact that Al2O3 based ceramics are 
best used in continuous cutting operations, as in interrupted cutting micro chipping may 
occur on the cutting edge (YAN09). The transfer of Al2O3 based cutting tools into the wood 
machining market has failed so far. Pahlitzsch investigated Al2O3 based ceramics with TiC 
reinforcement. Better tool life than for cemented carbides was obtained if brittle failure of 
the ceramic was suppressed by increasing the wedge angle to 70°, compared to tungsten 
carbide with 55° (ZIN96). The performance of the Al2O3 tool is strongly dependent on the 
type of machined wood. Gogoliwski et al. tried to develop an Al2O3 based wood cutting 
tool by gel casting and HIP. Brittle loss was the main problem, however when reducing the 
grain size < 500 nm the failure mechanism was shifted from brittle failure to abrasive and 
mainly continuous wear (GOG09). 
Saljé and Stühmeier investigated the lifetime of Si3N4 wood cutting in comparison to tung-
sten carbide. Lower lifetime was measured for the ceramic tool, which was attributed to 
chipping of the cutting edge (in ZIN96). However, in a feasibility study conducted at Empa 
in collaboration with OERTLI Werkzeuge AG different Si3N4 based cutting tools with SiC 
or TiN reinforcement were produced by hot pressing and were tested against standard 
WC and commercial grade Si3N4 material. Si3N4/SiC composites performed best and a 
lifetime of 3 times that of standard WC was estimated (EBL07). 
2.4.7 Wear of cutting tools 
Tool wear and tool fracture are the two major forms of tool failure. The harder a cutting 
tool is the lower is its toughness and the more susceptible it is to fracture. Tool fracture is 
to be avoided due to its unpredictable nature. Wear is defined as the deterioration of a 
surface due to material removal caused by relative motion between it and another part 
(MCG10). Tool wear leads to undesired consequences such as increase in cutting forces 
and power consumption, increased cutting temperature or loss of dimensional accuracy 
and surface quality (SHA09, MAI00).  
Generally, there are three stages of tool wear: (i) initial break-in, where the breakdown of 
the sharp and weak initial cutting edge takes place and a stable slightly rounded cutting 




edge is formed. This stage start as soon as contact between the work piece and the tool is 
built up. (ii) Progressive uniform wear, describes the gradual removal of material from the 
stable cutting edge. (iii) Accelerated or catastrophic wear, where the cutting tool becomes 
dysfunctional. The extent and the time dependence of the wear depend strongly on the 
machining parameters and on the material combination of the tool and the work piece. 
Figure 2-7 gives an overview of the parameters used to describe tool wear. There are 
numerous wear mechanisms such as gross fracture or chipping, erosion or abrasion and 
chemical processes such as corrosion or oxidation leading to the formation of a softer or 
more brittle material which can be more easily removed. Which of the mechanisms is life-
time limiting depends on the cutting conditions (e.g cutting speed, depth of cut etc.), the 
cutting tool material and the work piece characteristics (e.g. fibre direction, hardness, 
chemical composition etc.). 
 
Figure 2-7:  Schematic profile of a worn cutting edge and various measurements that char-
acterise the wear. A: initial position of the cutting edge; LR: width of the wear land on the 
rake face; SV: edge recession on the rake face; VB: flank wear; CR: edge recession parallel 
to the clearance face; rn: nose radius (SHA09) 
2.4.7.1 Wear of cemented carbides 
There are two factors limiting the lifetime of the WC tools in wood machining. On one 
hand side the preferential removal of the Co binder by plastic deformation and micro 
abrasion (SHA99). On the other side the acidic components contained in the wood can in-
duce corrosion of the Co binder phase. The extent of corrosion is dependent on the nickel 
and chromium content in the Co phase and on the temperature achieved at the cutting 
edge (GAU06, PUG01). The corrosive attack leads to a weakening of the binder phase 
followed by grain removal. Whether mechanical or chemical wear is the lifetime limiting 
process probably depends on the type of wood, type of cutting material and the cutting pa-
rameters. Wear by brittle fracture has also been reported for WC grades with alloyed co-
balt binders. 




2.4.7.2 Wear of silicon nitride ceramics 
To my knowledge there is no study about the wear behaviour of Si3N4 wood cutting tools 
published. However, for metal machining with Si3N4 ceramics extensive literature about 
wear is available. Assuming that catastrophic failure by fracture is eliminated or controlled, 
then the tool resistance to wear determines the lifetime of a Si3N4 cutting tool. Wear is ei-
ther tribochemically activated or mechanically activated by abrasion, adhesion or fracture. 
The extent of mechanical wear is not only influenced by the cutting tool material, the work 
piece or the cutting condition, but also by the surface integrity of the tool, which is affected 
by the final grinding of the cutting tool (STA94). Abrasive wear is characterised by the 
formation of grooves and ridges in the direction of tool sliding. The severity of abrasion is 
related to the material properties. Evans et al. related the penetration force, the Youngs 
modulus, the hardness and fracture toughness to the material removal rate (EVA81). 
Several authors have verified this relationship and found relatively good agreements. 
Hardness and fracture toughness were found to be good indicators for the wear re-
sistance. However, several studies indicated that the local short-crack toughness is the 
important parameter for many ceramics and ceramic-based composites (MIY09, DOG01). 
The Si3N4 ceramic can be tailored through adequate sintering additives and design of the 
microstructure (BEL09, TAT10). E.g. an increase in grain size causes an increase in frac-
ture toughness (PEI02). It was reported that the wear resistance increases with decreas-
ing grain size despite of a decrease in fracture toughness (ZUT94, GOM00, DOG01). By 
contrast, Carrasquero et al. stated that elongated Si3N4 grains suppress the crack propa-
gation, consequently increases the fracture toughness and strength and results in better 
wear resistance (CAR05). 
Adhesive wear involves the mechanism in which individual grains or small aggregates are 
pulled out of the tool surface by the adherent work piece. A weak interface bonding be-
tween ceramic phases can increase the degree of adhesive wear (STA94). Tribochemical 
wear include the chemical reaction between the workpiece and the cutting tool material, 
which leads to a built up edge. This process is activated by high temperature and the af-
finity of elements form the work piece and tool material. Tribochemical wear is observed 
when cutting at high speed and is characterised by the formation of a reaction product 
with e.g. lower strength or melting point and which is consequently worn away more easi-
ly. However, the formation of a stable film by tribochemical reaction may also lead to pro-
tection of the underlying tool material (FIS85). 
 




2.5 Processing of silicon nitride ceramics 
2.5.1 Liquid phase sintering and sintering additives 
The high degree of strong covalent bonds in Si3N4 makes the production of dense Si3N4 
ceramics difficult. Densification by sintering requires the mass transport via lattice diffu-
sion or boundary diffusion (REE95). The diffusion coefficients fo grain boundary diffusion 
of silicon and nitrogen in α-Si3N4 at 1400 °C are 0.510
-19 m2s-1 and 6.810-10 m2s-1 respec-
tively (RIL00). As the diffusion is thermally activated very high temperature could lead to 
sufficient diffusion for densification. However at temperatures around 1900 °C at 0.1 MPa 
nitrogen pressure Si3N4 dissociates (ZIE87). Therefore, dense silicon nitride ceramics are 
sintered in the presence of a liquid phase which allows mass transport through the melt 
and under elevated nitrogen pressure. The liquid phase sintering proceeds via rear-
rangement, solution – diffusion – precipitation and coalescence as described by Kingery 
(KIN59). A scheme of the sintering process is shown in Figure 2-8 (ZIE87). The liquid 
phase is formed by sintering additives which react with SiO2 present at the surface of 
Si3N4 powder. A prerequisite for a sintering additive is the formation of an eutectic phase 
with Si3N4. If the amount of the liquid phase is high enough and the viscosity is sufficiently 
low the α-Si3N4 grains of the starting silicon nitride powder dissolve in the liquid melt. As 
the α-phase becomes thermodynamically unstable at high temperature β-nuclei are 
formed and hexagonal β-Si3N4 grains grow and eventually impinge on each other to form 
an interlocked microstructure. During cooling the liquid phase remains at the multiple grain 
junctions and as a thin layer at the grain boundaries. 
 
 
Figure 2-8: Solution precipitation model for the liquid phase sintering of Si3N4 (ZIE87) 
 




The type and amount of sintering additive is decisive for the densification behaviour. A 
high amount of sintering additive allows more mass transport and the densification rate is 
increased (BOW78). Common sintering additives are CaO, SiO2, Li2O, MgO, Al2O3, ZrO2 
or rare earth oxides. The eutectic melt temperatures of silicate and oxynitride intergranular 
phases of some common sintering additives are given in Table 2-2 (BOC10). Small impu-
rities can further decrease the melt temperature. A low melting temperature of the eutectic 
results in a low viscosity of the liquid phase this consequently leads to early densification 
and more shrinkage at lower sintering temperature. However, more refractory sintering 
aids, such as Y2O3, La2O3, Yb2O3 and Lu2O3 are preferred for silicon nitride ceramics for 
high temperature applications due to the better high temperature properties. The refracto-
riness of the rare earth oxides slows down densification. A way to overcome this problem 
is to combine sintering additives, e.g. MgO + RE2O3 or Al2O3 + RE2O3. Another approach 
is the application of additional pressure e.g. gas pressure sintering. 
 
Table 2-2: Liquid formation temperature of oxide additives used for silicon nitride sintering 
(BOC10). 
additive MxOy temperature of liquid formation [°C] 
 silicate 
MxOy – SiO2 
oxynitride 
MxOy – SiO2 – Si3N4 
CaO 1435 1435 
MgO 1543 1390 
Al2O3 1595 1470 
Y2O3 1650 1480 
 
 
2.5.2 Production technologies 
The first technique for the production of dense silicon nitrides was hot pressing. In the be-
ginning of the 1970s research focused on the application of Si3N4 as a structural material 
for gas turbines (MIT91). As a result pressure less (TER74) and gas pressure sintering 
(MIT76) techniques were developed. In comparison to hot pressing they allow the fabrica-
tion of components having complex shapes. The properties of silicon nitride ceramics are 
not only dependent on the sintering additives, but also on the sintering technique. Table 
2-3 by Petzow and Herrmann shows the properties of Si3N4 as a function of the pro-
cessing route. In the following subchapters the most common processing techniques are 
explained and the advantages/disadvantages are outlined (PET02). 
 




Table 2-3: Production technologies and resulting properties of silicon nitride ceramics 
(PET02). 





additive content [vol%] 7-20 3-15 2-15 2-15 0-8 
processing:       
     temperature [°C] 1600-1800 1750-2000 1500-1800 1750-2000 1750-2000 
     atmosphere [-] N2 N2 N2 N2 N2 
     pressure [MPa] up to 0.3 up to 10 
30-50 
mechanical 
up to 200 up to 200 
lin. shrinkage [%] 15-22 15-22 up to 50 15-22 15-22 
relative density [%] 95-99 98-100 ≈ 100 ≈ 100 ≈ 100 
strength at RT [MPa] 500-900 800-1500 800-1500 800-1500 500-1500 
toughness [MPa√m] 5-8 5-11 5-8 5-11 3-8 
 
2.5.2.1  Pressure less sintering 
Pressure less sintering (PLS) is a method which has been employed to manufacture vari-
ous types of ceramics. It is a low cost processing method which allows sintering of com-
plex shapes and large batches. Even continuous sintering is possible. Due to the small 
driving forces for sintering the sintering additives must be carefully selected and generally 
more sintering additives have to be used than for pressure assisted sintering methods. 
Due to the dissociation of Si3N4 the sintering temperature is limited to about 1820 °C 
(ZIE87). However, the decomposition and vaporisation can be minimised by a powder bed 
which creates a local equilibrium around the samples. The powder bed usually consists of 
Si3N4 and BN. Further, the requirements for the starting powders such as the specific sur-
face area are higher for PLS than for the other production methods. 
2.5.2.2 Gas pressure sintering 
The most common densification method for silicon nitride based ceramics is gas pressure 
sintering. Similar to pressure less sintering, the fabrication of complex shapes is possible. 
Compared to pressure less sintering it gives better reproducibility and lower quantities of 
sintering aids can be used with only little increase in costs (PET02). 
2.5.2.3 Hot pressing 
Hot pressing (HP) yields full density silicon nitrides with good mechanical properties up to 
temperatures of about 1000 °C. The main limitation of hot pressing is the costly pro-
cessing. Only disc-like shapes can be produced, which must subsequently be machined 




to the appropriate geometry. As the HP Si3N4 components are very hard and strong the 
diamond machining is very expensive. Therefore, hot pressing is acceptable only for lim-
ited applications with simple shapes and low quantities (PET02). Due to the uniaxial me-
chanical pressure, HP yields components with a certain amount of grain texture. The pre-
ferred orientation of the elongated β-Si3N4 grains is perpendicular to the pressing direc-
tion. Consequently, there is a difference in the physical properties parallel and perpen-
dicular to the hot pressing direction of up to 20 % (PET02). 
2.5.2.4 Hot isostatic pressing and heat treatments 
Hot isostatic pressing (HIP) can be used as post-sintering or direct processing method. 
HIP is a high cost method with large gas and energy consumptions. Direct HIP requires 
the encapsulation of the powder compacts by gas tight glasses, which softens at the sin-
tering temperature and therefore uniformly transfers the external gas pressure to the pow-
der compact. Si3N4 ceramics with low amount of sintering additives can be produced 
(PET02, BOC10). Due to the high pressure up to 300 MPa (BOC10, ZIE87) grain growth 
is suppressed to some extent and high density Si3N4 ceramics with a fine microstructure 
can be obtained. Furthermore, the manufacturing of intricate shapes in near net dimen-
sions is possible. The removal of the capsule by chemical or mechanical method however 
is costly (PET02). 
In post-sintering HIP no encapsulation is necessary, provided that the presintered body 
has a density between 90-95 % and thus open porosity has been eliminated (ZIE85, 
BOC10). The presintered body is then fully densified by HIP. Several authors showed that 
the post sintering HIP increases the strength of Si3N4 based ceramics and reduces the 
scatter, respectively increase the reliability. The fracture toughness did not change signifi-
cantly (GRE87, AKI92, ZIE87). The elimination of pores (GREI87), the crack healing 
(ZIE87, JUN09) and the restriction in grain growth (AKI92) were named as reasons for the 
strength increase. An increase in mechanical properties can also be achieved by perform-
ing post sintering heat treatments. Machining defects for example can be healed in a heat 
treatment in air between 1000 °C to 1300 °C (JUN09, TAK05). Additionally a post sinter-
ing heat treatment can induce the partial devitrification of the residual glass phase in the 
multiple grain junctions. More details about the type of crystalline phases formed are given 
in chapter 2.6.2. 
 




2.5.3 Production of Si3N4/SiC composites 
The same processing methods which are used for the sintering of silicon nitrides can also 
be used to densify Si3N4/SiC composites powder compacts. Other methods include the in-
situ formation of SiC, e.g. by nitridation of SiC (WEI99, POO03). SiC particles in the Si3N4 
matrix reduce the grain growth by pinning (Zener mechanism). Additionally, the SiC parti-
cles inhibit the phase transformation from α- to β-Si3N4 and reduce the densification rate 
of the powder compacts (HER98, GRE87, DON95). Most of the Si3N4/SiC composites 
were therefore prepared by hot pressing or hot isostatic pressing in order to overcome 
these difficulties (GRE87, DON95). However, pressureless sintering and gas pressure sin-
tering was used more recently for the production of Si3N4/SiC composites (CAP04, 
HER98). Herrmann et al. used 10 wt% Y2O3 for the production of dense Si3N4 composites 
with 20 wt% SiC and 15 wt% Yb2O3 for composites containing 30wt% SiC. For gas pres-
sure sintering and hot isostatic pressing the decomposition reaction of SiC under high ni-
trogen pressure and the interaction of SiC with the sintering additives must be taken into 
account (HER98). The stability ranges of Si3N4 and SiC are shown in Figure 2-9 as a func-
tion of the temperature and the nitrogen pressure. The sintering of Si3N4/SiC composites 
should be performed within the stability region of both constituents. The principle chemical 
reactions leading to a consumption of liquid phase are as follows: 
 
• 2 SiC (s) + SiO2 (l) + N2 (g) → Si3N4 (s) + 2 CO (g) 
• Si3N4 (s) + 3 SiO2 (l) → 6 SiO (g) + 2 N2 (g) 
• SiC (s) + 2 SiO2 (l) → 3 SiO (g) + CO (g) 
 
These processes are undesired as they may lead to insufficient densification due to the 
lack of sintering additives. The optimum nitrogen pressure, where least liquid phase de-
composition happens is drawn in Figure 2-9 as the curves named ideal line.  





Figure 2-9: Stability ranges of Si3N4 and SiC relative to the temperature and nitrogen pres-
sure. The line labelled ideal is the area where least liquid phase decomposition takes place 
(HER98). 
 
2.6 Properties of Silicon nitride ceramics 
2.6.1 Microstructure 
An example of a typical β-Si3N4 microstructure is given in Figure 2-10. The characteristic 
elongated hexagonal shape of the β-Si3N4 can be clearly seen in the electron microscopy 
images a) and b) which display the structure after polishing/etching and after complete 
etching of the intergranular phase. The β-Si3N4 grains are surrounded by the residual 
glass phase made up of the sintering additives. The TEM images c) and d) give a more 
detailed view of the grain boundaries (red box and image d) and the multiple grain junc-












Figure 2-10: Microstructure of β-Si3N4 polished/etched (a) and after over etching of the in-
tergranular phase (b). TEM image of β-Si3N4 grains (c), the grain boundary area marked by a 
red box is enlarged by high resolution TEM (d) (FAL04). 
 
The microstructure is controlled by various processing parameters such as uniaxial me-
chanical pressure leading to directional grain growth or the sintering temperature and time 
which control the grain growth proceeding by Ostwald ripening. Beside these processing 
variables, the type and quantity of sintering additives plays a crucial role in the formation 
of the microstructure by determining the physical and chemical properties of the liquid 
melt. The viscosity of the liquid phase determines the microstructure as it influences (a) 
the dissolution α-Si3N4, (b) the nucleation of β-Si3N4 and the (c) growth behaviour. In high 
viscosity melts, grains of high aspect ratio grow due to the low diffusion rates (ZIE87). For 
glass phases with rare earth elements the viscosity shifts to higher temperature the small-
er the rare earth elements, simultaneously a coarser microstructure is obtained (BEC04, 
SAT06). The increase in viscosity appears to be dominated by changes in the bonding 
within the glass network (BEC04). The quantity of the sintering additive controls the 
amount of diffusion, hence controls the grain growth. An increase in sintering additives 
leads to an increase in the volume of the multiple grain pockets. However it does not in-
fluence the thickness of the grain boundary layer, which is predominantly given by the 
type of sintering additive (KLE97). 
The Si3N4 grain morphology is known to be very sensitive to particular sintering additives, 
especially rare earth elements and group III elements. It was shown that if the ratio of 
Y2O3: Al2O3 sintering additive for GPS of Si3N4 is increased the aspect ratio of the β-Si3N4 




increases (BJO97). Model experiments by Hoffmann showed that the aspect ratio of the 
β-Si3N4 grains increases with increasing ionic radius (HOF94). It has been shown that rare 
earth elements preferentially adsorb on the prismatic grain surfaces (ZIE07). Hence, they 
alter the growth of these surfaces and lead to the formation of anisotropic grains. The 
presence of Mg or Al has only little effect on the grain aspect ratios even though the vis-
cosities at intermediate temperatures are higher for Al containing phases (BEC06). Paint-
er and co-workers explained that the ionic radius is not sufficient to fully explain the aniso-
tropic grain growth in the presence of rare earth elements (PAI04). The term differential 
binding energy is introduced, which takes into account not only the ionic radius but the 
chemical affinity for binding to nitrogen (hence competing with Si for the formation of Si3N4 
grains). 
2.6.2 Mechanical properties 
The mechanical properties are largely controlled by the microstructure, such as the grain 
size, grain aspect ratio and the grain boundary phase. For optimised fracture toughness β-
Si3N4 grains of high aspect ratio are required (KLE99, BEC98) as well as a weak interface 
for allowing debonding along the needle like grains. If these conditions are fulfilled tough-
ening mechanism such as bridging or grain pull out can act (BEC91). This is the case e.g. 
for La2O3 sintering aids. Large grains can increase the fracture toughness even further as 
the possible fracture path along the grains is increased. The fracture toughness was found 
to scale with the square root of the grain size (KLE99, PEI02). The interface strength can 
be altered by changing the composition of the sintering additives. An increase in Y: Al ra-
tio e.g. shifts the debonding path from solely along the interface between intergranular 
phase-grain to a mixed path along the interface and within the intergranular phase. This 
indicates that Y weakens the glass phase (BEC05). Satet et al. produced silicon nitrides 
having similar microstructures in terms of grain size and aspect ratio but containing differ-
ent sintering additives. The goal was the testing of the chemical factor in the debonding 
process. The interfacial strength decreases with increasing size of the rare earth cation, 
leading to a preferential debonding along the grain boundaries. Sun et al. showed that the 
interfacial strength increases with a decrease in Y2O3/ Al2O3 ratio (SUN99). The interfacial 
strength reduction and the consequent increase in fracture toughness can be coupled to a 
drop in bulk strength (SAT06, SAT05). Similarly for the grain size, an increase raises the 
fracture toughness while simultaneously decreasing the strength (RIC97). 
The hardness at ambient temperature scales with the ratio of α- to β-Si3N4 due to the fact 
that α-Si3N4 has a higher hardness than β-Si3N4 (PET02). Further, the macrohardness of 
silicon nitride increases with decreasing intergranular phase and grain size (PET02, 
RIC94). Also a chemical effect of the intergranular phase on the hardness was noted, a 




decrease in ionic radius of the rare earth sintering additive yields in a slight increase in 
hardness (LOJ10). The hot hardness additionally depends on the softening temperature of 
the grain boundary phase. Consequently MgO and Al2O3 containing Si3N4 show a fast 
degradation of the hardness (PET02). Table 2-4 gives a listing of several properties and 
the prerequisites for grain size/shape and grain boundary phase (PET02).  
 
Table 2-4: Overview of microstructure – property relationships in silicon nitride ceramics 
(PET02). 
property microstructural feature 
 grain size/ shape grain boundary phase 
high strength ≤ 1000 °C fine grained/ needle-like medium additive content 
high strength > 1200 °C fine grained/ needle-like refractory additives 
high fracture  toughness 
large grains/ needle-like or large 
needle like in fine matrix 
low Al2O3 and SiO2 
high hardness fine grained or α-Si3N4 or α/β-Si3N4 low additive content 
high fatigue strength fine grained/ needle-like low additive content 
high corrosion resistance - dependent on media 
good wear behaviour fine grained homogeneous distribution 
high heat conductivity large grains no solid solution with Si3N4 
 
 
As mentioned already, the mechanical properties of Si3N4 ceramics, such as strength, 
creep resistance and oxidation resistance can be improved by performing a post-sintering 
heat treatment leading to the partial crystallisation of the intergranular phase (TSU75, 
CIN90, FAL87). The crystallisation happens in the multiple grain junctions, while the re-
minder of the liquid phase sintering aids solidifies at the grain boundaries. It was inferred 
that the partial crystallisation of the intergranular phase modifies either the interfacial 
bonding because of internal stresses or the intergranular phase toughness itself (PEI01). 
Another explanation involves the alteration of the atomic structure and bonding along the 
thin grain boundary (ZIE05). The crystalline structures which form are dependent on the 
type and ratio of sintering additives.  Aluminates, silicates or oxynitrides are formed. Pos-
sible intergranular phases can be estimated from phase diagrams. Figure 2-11 gives the 
phase diagrams of the Si3N4 – SiO2 – La2O3 and Si3N4 – SiO2 – Y2O3 (PHD94). Phases 
which are commonly formed in Si3N4 ceramics sintered with rare earth oxides (RE) are 
RE2Si2O7, RE2SiO5, RE10Si4O12N and RE4Si2O7N2. Silicate phases are found to be more 
oxidation resistant than oxynitrides (CHE97). 





Figure 2-11: Phase diagrams in the systems Si3N4-SiO2-La2O3 (a) and Si3N4-SiO2-Y2O3 (b) 
(PDS94) 
 
2.6.3 Properties of Si3N4/SiC composites 
Ceramic matrix composites reinforced by nano- or submicron sized SiC particles are 
promising for structural materials with promising high temperature properties. Niihara pro-
posed the nanocomposite concept in the late 80’s (NIH91). According to this concept, the 
addition of fine particle to a ceramic matrix improves the mechanical properties. Since 
then various studies were carried out to verify the nanoconcept for Si3N4 ceramics (HIR95, 
HER98, PEZ94). The nanometer sized particles were found to be embedded in the matrix 
grains and at the grain boundaries. The increase in mechanical properties of Si3N4/SiC 
composites was attributed to the hindrance of grain boundary sliding and subcritical crack 
growth (NIH90, REN02). However, other authors suggested that the alteration of the grain 
boundary chemistry upon incorporation of nanosized SiC leads to an improvement of the 
mechanical properties (PEZ94, REN02). But also the restricted grain growth in Si3N4/SiC 
composite compared to intrinsic Si3N4 seems to play a role (REN02). For room tempera-
ture mechanical properties of Si3N4/SiC composites contradictory results were reported. 
An increase in strength was observed by Niihara (NIH91, PAR98). On the other hand no 
improvement or even a drop in strength and fracture toughness was reported by other au-
thors (HER98, HIR95). The results are more conclusive for the high temperature proper-
ties of the Si3N4/SiC composites. Especially the creep resistance could be improved by in-
corporation of SiC in to the Si3N4 matrix (HIR95, SAJ00, REN99, WEI99). It was recently 
stated that the location of the nano-SiC particles plays a crucial role in determining the 
mechanical properties. Si3N4 with mainly intragranular SiC show increased hardness, 
while the fracture toughness is reduced. The creep resistance of Si3N4 is improved by in-




tergranular SiC due to the reduction of grain boundary sliding. The location of the SiC par-
ticles may be controlled by the viscosity of the intergranular phase. A low viscosity in-
creases the amount of intragranular SiC (LOJ10). 
Comparison of wear rates of monolithic Si3N4 and Si3N4/SiC composites showed that the 
wear rate is lower for the composites (TAT10). This was due to an increase in hardness 
and a reduction in friction coefficient when incorporating SiC, although a decrease in frac-
ture toughness was observed. An increase in hardness for Si3N4/SiC compared to mono-
lithic Si3N4 was also observed in another study (LOJ10, GRK80). A further beneficial effect 
of the reinforcement by SiC is the increase in thermal conductivity, which increases con-
stantly with increasing SiC content (HIR95b). The thermal conductivity of SiC and Si3N4 
are between 40 - 120 Wm-1K-1 and 15 - 45 Wm-1K-1 respectively. 
This short review makes clear, that the results about the effect of SiC on Si3N4 based 
composites are inconclusive and depend strongly on the amount of SiC incorporated, the 
processing, the location of the SiC, the particle size and grain boundary characteristics. 
 
Table 2-5: Some selected properties of sintered beta silicon nitride and silicon carbide 
(HCM05). 
  hardness σ KIc thermal conductivity 
  [GPa]  [MPa] [MPa√m] [Wm-1K-1] 
Si3N4 4-18 600-1000 5-8.5 15-45 
SiC 24-25 300-600 3-4.8 40-120 
 






3.1  Starting Materials 
The starting powders for the Si3N4/SiC composites were Si3N4 grade M11 and SiC grade 
UF25 (both H.C. Starck, Germany). The Si3N4 powder consists of 90 % α-Si3N4 and it con-
tains 1 % oxygen according to the supplier specification. MgO and La2O3 were added as 
MgCO3 pentahydrate 99 % (ABCR, Germany) and La(OH)3 99.9 % (Auer Remy GmbH, 
Germany), respectively. The other sintering additives were Al2O3 (grade CT3000, Alcoa, 
Germany), Y2O3 (grade C, H.C. Starck, Germany) and SiO2 (99.99 % pure, Cerac, USA). 
The recipes and abbreviations of the Si3N4/SiC powders are listed in Table 3-1. The first 
number stands for the total amount of Al2O3, La2O3 and Y2O3 sintering additives in wt%. 
The second number gives the amount of MgO addition. The letters A and S indicate an 
alteration of the standard composition (without letter). The powder 7.9 was developed dur-
ing the course of the feasibility study (EBL07). Its composition listed in Table 3-1 was de-
termined experimentally by x-ray fluorescence of the sintered specimen. It differs from 
Eblagon’s recipe due to the fact that planetary ball milling with Al2O3 milling media was 
performed which led to abrasion and incorporation of alumina into the Si3N4/SiC powder. 
 
Table 3-1: Compositions of the produced powders, including the abbreviation of every com-
position.  
  5.9+2 8+2 9+1 7.9* 10 12 12A 12S 15 
Si3N4 [wt%] 64.1 63.2 62.6 65.0 63.2 61.2 61.2 61.2 59.2 
SiC [wt%] 28.0 27.8 27.3 27.0 27.8 26.8 26.8 27.8 25.6 
Y2O3 [wt%] 2.3 3.1 3.5 2.3 2.9 4.4 4.9 4.4 5.4 
Al2O3 [wt%] 1.1 1.6 1.8 0.9 2.0 2.2 1.0 2.0 2.7 
La2O3 [wt%] 2.5 3.5 3.8 4.7 4.1 5.5 6.1 5.5 6.8 
MgO [wt%] 2.0 2.0 1.0 -  - - - - 
SiO2 [wt%] - - - -  - - 0.2 - 









3.2 Processing overview 
There are three processing routes: a laboratory route, a near industrial and an industrial route. 
The laboratory based manufacturing route is similar to the processing in the feasibility study. It 
includes alcohol based powder homogenisation and densification by hot pressing into dense 
discs. Subsequently, a knife is cut out of the hot pressed discs by diamond cutting. The near 
industrial and industrial routes are near net shape fabrication processes, where the granula-
tion is carried out by spray drying of water based suspensions, followed by shaping of the 
green bodies into a knife-like geometry. The sintering of the complex shapes is performed by 
gas pressure sintering or pressure less sintering. The powder processing in the near industrial 
route was carried out at Empa. The powders from the industrial route are fully processed at 
the project partner’s plant (Ceratizit, Luxembourg). The flow chart in Figure 3-1 gives an over-
view of the single fabrication steps of the three processing routes. 
 
 
Figure 3-1: Flow chart of the production steps of the three processing routes: Laboratory 
based route (red) and the two near net shaping routes (green) named near industrial route 
and industrial route. 




3.3 Powder processing and shaping 
3.3.1 Laboratory route 
The homogenisation of the ceramic composite powders including sintering additives was car-
ried out by ball milling in a PET bottle using 5 mm Si3N4 milling balls for 48 h. The powder mix-
tures were homogenised in isopropanol. 3 wt% polyvinyl butyral (Movital B30T Clariant, Ger-
many) was added as a binder 15 min before the end of the milling time. The suspensions 
were then dried by rotary evaporation (Rotavapor R-134, Büchi, Switzerland), followed by 
grinding with a mortar and sieving (Analysesieb, Retsch GmbH, Germany). The granulate 
fraction below 180 µm was used for further processing by hot isostatic pressing. 
3.3.2 Near industrial route 
The powder processing of the near industrial route is performed at Empa. It is based on 
the same principles as the fully industrial route – on water based suspension and granula-
tion by spray drying. However, small powder batches between 0.5 – 3 kg can be pro-
duced, in contrast to the fully industrial route where the minimum batch size is 10 kg. 
The sintering additives were mixed with water and the pH was adjusted to 10.5 by adding 
ammonium hydroxide (5.0 molar in H2O, Sigma-Aldrich, Switzerland) in order to increase 
the surface charge and thus decrease the viscosity of the suspension. After 30 min of ho-
mogenisation by ball milling Si3N4 and SiC were added sequentially. 3 wt% polyethylene 
glycol (PEG 20000, Clariant, Germany) was added as a binder, after the ball milling with 
Si3N4 balls (mixture of 2 mm and 5 mm diameter) for 48 h. Then, wet sieving of the sus-
pension was carried out with a 63 µm sieve (Analysesieb, Retsch GmbH, Germany) in 
order to remove large agglomerates. The suspension was spray dried (Minor, GEA Niro, 
Denmark) using a two fluid flow nozzle of 1.5 mm diameter with a peristaltic pump (505S, 
Watson-Marlow Inc, USA) and an air pressure of 1.2 bar. The use of this type of nozzle 
and low pressure pump requires very low viscous, almost water-like suspensions. This 
sets restrictions on the solids loading and binder content of the suspension. The spray 
dried granulates were sieved and the fraction between 63 and 240 µm was used for the 
production of the Si3N4/SiC composites. The powder was either sent to Ceratizit Luxem-
bourg for near net shaping and gas pressure sintering. Or they were further processed at 
Empa by hot pressing (chapter 3.4.1) or cold isostatic pressing at 190 MPa (Vitek, Bel-
gium) followed by pressure less sintering. At Ceratizit Luxembourg, the powders were cold 
isostatically pressed at 190 MPa (SIP 2000, FREY, Germany). Knife-like shapes were cut 
out of these blocks by conventional green machining (Figure 3-2). For the mechanical 
testing bend bars were cut out of the cold pressed blocks. 





Figure 3-2: Picture of the isostatically pressed block (top) and green machined knife. 
 
3.3.3 Industrial route 
For this route the whole fabrication of the Si3N4/SiC composites, including the powder pro-
cessing was carried out by the industrial project partner Ceratizit Luxembourg. Large 
powder batches of over 10 kg were produced. The homogenisation was done by attrition 
milling. Afterwards, the suspension was wet sieved through a 20 µm non-metallic sieve. 
The atomisation was performed by spray drying on industrial scale equipment (type 6.3, 
GEA Niro, Denmark) with a high pressure nozzle. Suspensions of high viscosities can be 
sprayed due to the high inlet pressure. Hence the suspension contained a higher amount 
of binder* compared to the near industrial route. Higher binder content increases the flow-
ability and the pressability of the powder granulates. As a consequence the industrial 
powder was die pressed automatically (TPA15, Dorst, Germany) into knife-like shapes 
(Figure 3-3), no further green machining is necessary. A pressing pressure of 196 MPa 
was used. The bend bars which were used for the mechanical test were pressed directly 
in to bars by die pressing. 
 
 
Figure 3-3: Picture of a directly pressed knife. 
                                                     
* Due to confidentiality agreements the exact quantity and combination of binder is not stated. 





3.4.1 Hot pressing 
The ceramic composite granulate being produced either by the laboratory or the near indus-
trial route was filled into a graphite die of 20 mm diameter, which was coated with a thin boron 
nitride (BN) layer. Three specimens were hot pressed at once. The samples were separated 
by BN coated graphite discs. The hot pressing was performed in a FCT laboratory sized hot 
press (FCT, Germany). The Si3N4/SiC composites were sintered at a temperature of 1800 °C 
for 30 min in nitrogen atmosphere. The uniaxial mechanical pressure was 10 MPa. The de-
tailed sintering program is shown in Figure 3-4. It has to be kept in mind that this hot pressing 
process is not optimised. The pressure of 10 MPa was chosen to counterfeit the gas pressure 
sintering process, where the limitation of pressure is 10 MPa for the available equipment. In 
the feasibility study, knives had been produced with optimised hot pressing parameters at a 
pressure of 30 MPa (EBL07). The production of optimised hot pressed knives was not re-
peated in this thesis. 
 
Figure 3-4: Program of the temperature (black) and uniaxial mechanical pressure (grey) dur-
ing hot pressing.  
 
3.4.2 Gas pressure sintering 
The gas pressure sintering (GPS) was carried out at Ceratizit Luxembourg in a KCE furnace 
(KCE FPW 380, FCT, Germany). Two sintering cycles were performed for the Si3N4/SiC com-
posites, the first cycle at a nitrogen pressure of 1 MPa and the second cycle at 7 MPa. The 
temperature for both steps was 1900 °C. The specimens were placed in a BN crucible and 
covered with a BN lid. The details of the program are given in Figure 3-5.  





Figure 3-5: Temperature (black) and gas pressure (grey) program during gas pressure sin-
tering. The specimens were sintered twice with the same temperature program, however 
first at low (cycle 1) and then at high nitrogen pressure (cycle 2). 
 
3.4.3 Pressureless sintering 
Pressure less sintering (KCE-FSW 315, FCT, Germany) of the Si3N4/SiC discs was per-
formed at 1800 °C in nitrogen atmosphere for a dwell time of 30 min. The temperature and 
pressure curve is shown in Figure 3-6. The sintering was carried out in vacuum up to 1000 
°C, then in nitrogen at atmospheric pressure. The specimens were sintered in a powder 
bed made of 60 wt% Si3N4/SiC powder and 40 wt% BN powder. 
 
 
Figure 3-6: Temperature (black) and pressure (grey) program during pressure less sintering. 
The first part of the heating was performed in vacuum, then at atmospheric nitrogen pres-
sure. 
 




3.5 Diamond machining 
3.5.1 Laboratory route 
The diamond cutting and grinding of the cutting tools was performed by the project partner 
Ceratizit (Empfingen, Germany). The single edged knives were cut out of the hot pressed 
discs of 20 mm diameter by diamond cutting (TSM, Gebr. Saacke GmbH, Germany). This 
was followed by surface grinding (WBM 200/21, Wendt, Germany) and peripheral grinding 
(WAM ECO 340, Wendt, Germany). Figure 3-7 shows a photograph of a hot pressed disc 
and the respective knife cut out of this disc. The technical drawing of the final knife is giv-
en in Figure 3-10. The bend bars used for the mechanical tests were manually cut out of 
the hot pressed discs by diamond cutting at Empa (Accutom, Struers, Germany). 
 
Figure 3-7: Hot pressed disc and cutting tool which was cut out of the disc by diamond ma-
chining. 
 
Figure 3-8: Technical drawing of the single edge knife from the laboratory route. 
 
3.5.2 Near net shaping routes 
No diamond cutting was necessary for the near net shaping routes. The knife-like sintered 
bodies were surface grinded and peripheral grinded only. The optimised diamond machin-
ing parameters are summarised in Table 3-2. The technical drawing of the final shape of 




the reversible knife is given in Figure 3-9, together with the contour of the sintered near-
knife shape. The process of diamond machining from the sintered net shaped body to the 
final shape is illustrated in Figure 3-10. 
 
Table 3-2: Details of the diamond grinding process performed in the near industrial and in-
dustrial route. 
 surface grinding peripheral grinding polishing 
machine CNC WBM Wentzky Schneeberger 
grinding disc type D126 triplex grinding layer D91 – D25 D7 
allowance  [mm] 0.4 – 0.5 0.9 – 1.1 0.015 – 0.020 
feed [m/s] 20 30  
 
 
Figure 3-9: Technical drawing of the final reversible knife. The contour of the pressed knife 
is drawn too in the cross section on the right hand side. 
 
 
Figure 3-10: Gas pressure sintered composite with near net shape (left) and diamond grind-
ed knife of final geometry (right). 
 




3.6 Heat treatments 
The Si3N4/SiC composites were heat treated after sintering and diamond machining by either 
hot isostatic pressing (HIP) or by annealing in nitrogen atmosphere. Table 3-3 gives a sum-
mary of the performed treatments. The hot isostatic pressing (EPSI, Belgium) was performed 
in a HIP with graphite heater and graphite crucible. The specimens were stacked on boron 
nitride coated SiC plates. The nitrogen gas was compressed to an initial pressure of about 60 
MPa before starting the heating. The maximum pressure of 195 MPa was reached at a tem-
perature of 1200 °C. A graph of the HIP cycle at 1400 °C is given in Figure 3-11. The heat 
treatment was carried out in a tube furnace (Carbolite, Germany) in a flowing nitrogen atmos-
phere. The specimens were placed in an alumina sagger.  
 
Table 3-3: Overview of the post sintering treatments by hot isostatic pressing (HIP) or pres-
sure less heat treatment (HT). 
      HIP   HT 
temperature [°C] 1200 1300 1400 1500 1360 1400 
pressure [MPa] 195 195 195 195 195 0.1 
atmosphere [-] N2 N2 N2 N2 Ar N2 
time [h] 4 4 4 4 4 24 
 
 
Figure 3-11: Program of the temperature (black) and nitrogen pressure (grey) during the hot 
isostatic pressing treatment at 1400 °C. 
 
3.7 Final diamond polishing and micro chamfer fabrication 
During this thesis it was found to be necessary to perform a manual polishing step after hot 
isostatic pressing for sharpening the cutting edge. The polishing was carried out manually us-




ing various clothes (type MD, Struers, Germany) and diamond suspensions (type DP, Struers, 
Germany). The rake and the clearance face were polished with diamond suspensions down 
to 1 µm. The clearance face was polished using a sample holder with a 40° angled slit. For 
the stabilisation of the cutting edge a micro chamfer was applied by manual polishing with a 
sample holder having a slit of 50°, the polishing steps are listed in  
Table 3-5. A drawing of the micro chamfer is given in Figure 3-12. The bend bars used for 
mechanical testing were polished according to the procedure in Table 3-4 as well. 
 
Table 3-4: Diamond polishing steps for the preparation of the rake and the clearance face. 
step  diamond size time force rot. speed 
N° [µm] [min] [N] [rpm] 
1 15 until plane 70 ~180 
2 9 20 70 ~180 
3 6 20 70 ~180 
4 3 10-15 55 ~180 
5 1 5 55 ~180 (less if possible) 
 
 




Table 3-5: Diamond polishing steps for the preparation of the micro chamfer. The time of the 
first polishing step depends on the width of the chamfer. 
step diamond size time force rot. speed 
N° [µm] [min] [N] [rpm] 
1 3 depending 55 ~180 
2 1 3 55 ~180 
 




4 Characterisation methods 
 
4.1 Characterisation of the starting powders 
4.1.1 Density by helium pycnometry 
The density of the starting powders was determined by helium pycnometery (AccuPyc 1330, 
Micromeritics, USA). Helium pycnometry is a displacement measurement which calculates 
the apparent density of a specimen defined as the ratio of its mass and the volume enclosed 
by an envelope of helium gas. As helium is an inert and monoatomic gas with small mole-
cules, it can penetrate into very small pores. The calculated density is hence the skeletal den-
sity of a sample. The volume of the sample (Vs) is calculated according to Equation 4-1. Vc 
and Vr are the volumes of the empty sample chamber and the reference chamber respective-
ly. ps is the pressure in the sample chamber and ps+r the pressure after expansion of the gas 
into the combine volume of sample and reference chambers. Knowing the weight of the sam-













  Equation 4-1 
4.1.2 Specific surface area 
The specific surface area was determined by nitrogen adsorption according to the Brunauer, 
Emmett Teller (BET) method (SA3100 Beckman Coulter, USA). Nitrogen molecules adsorbed 
at the accessible surface of a specimen. At a certain nitrogen partial pressure p/p0 between 
0.05 - 0.35 the surface area of the specimen is covered by a monolayer of nitrogen atoms and 
Equation 4-2 is valid to calculate the surface area.  NA is the Avogadro number (6.022 x 10
23 
mol−1), Vm the volume of a monolayer of adsorbed nitrogen atoms, V0 the standard molar vol-
ume and AN the area occupied by one nitrogen atom (16.2 x 10
-20 m2). Assuming spherical 










=         Equation 4-3 




4.2 Suspension and spray dried granules 
4.2.1 Viscosity of the suspension 
The viscosities of the suspension to be spray dried were measured in a torque rheometer 
(Rheolab MC 120, Physica Messtechnik GmbH, Germany) using a single gap system 
(Searle-typ). The Searle system consists of two concentric cylinders, a stationary outer cylin-
der and a rotating inner cylinder. The suspension located in the annular gap between the con-
centric cylinders is subjected to shear. Depending on the viscosity of the liquid the liquid re-
sists this rotation and a torque is measured on the rotor. The viscosity (η) is then calculated 






=   Equation 4-4 
The radius of the outer cylinder was 24.4 mm while the radius of the inner cylinder was 22.5 
mm (system Z2). One viscosity measurement consisted of 4 steps: (i) pre-shearing at 10 s-1, 
(ii) shearing from 10 - 1000 s-1, (iii) measuring at constant shear rate 1000 s-1 followed by (iv) 
shearing from 1000 - 0 s-1. The measurements were carried out at 23 °C. 
4.2.2 Particle size distribution 
The particle size distribution of the suspension and the spray dried granules was measured 
with a light scattering particle size analyser (LS230, Beckmann Coulter, USA). The particles 
diffract the monochromatic laser light of a wavelength of 750 nm. The resulting diffraction pat-
tern is characteristic of the particle size. The measured pattern is the superposition of the pat-
terns scattered by each constituent particle size. Optical models such as the Frauhofer model 
and the Mie theory are used to decompose the obtained diffraction pattern into single patterns 
one for each particle size. The Mie theory is suitable for particle sizes < 20 µm and assumes 
spherical particles and a homogeneous diffraction pattern. The refractive index of both the 
medium and the particles must be known. The particle size was measured in water. 
4.2.3 Flow behaviour of the granules 
The flow property of the spray dried granules were analysed by freely passing 100 g of gran-
ules through an orifice. The time for passing the orifice was stopped for diameters of 10 mm, 
15 mm and 25 mm. Additionally, the bulk density was measured. A volume of 100 ml was 
filled with granules with the help of a stationary funnel. The bulk density was determined by 
calculated by measuring the net weight of the 100 ml volume. 




4.3 Characterisation of Si3N4/SiC composites 
4.3.1 Density  
The density determination of the composites was carried out according to the principle of 
buoyancy (Archimedes method) using a balance (AG 204 Delta Range, Mettler-Toledo, Swit-
zerland). The density (ρArchi) is calculated according to Equation 4-5. mair and mH2O are the 
specimen weight in air and water respectively, ρH2O is the density of water. Prior to the meas-












=   Equation 4-5 
 
4.3.2 Strength 
The four point bending test was chosen preferably to measure the strength, however if only 
limited test material was available a three point bending test was performed alternatively. In a 
four point bending test with a symmetrical set up where S1 = 2 S2, the area within the inner 
rollers is subjected to the same maximum bending moment M = ¼F (S1 - S2). A sketch of the 
bend bar and the distribution of the bending moment along the distance of the bend bar are 
shown in Figure 4-1. The largest defect acts as the fracture origin. In a three point bending 
test however, only a small portion of the bend bar sees the maximum bending moment 
(Figure 4-2). If the largest defect does not lie below the inner roll, a higher load is required to 
initiate fracture. Therefore, the strength of a material measured in a three point bending test is 
generally overestimated. 
 
Figure 4-1: Bend bar in a four point bending test with outer span S1 and inner span S2. The 
bend bar is loaded with a force F. The resulting distribution of the bending moment M is 
shown at the bottom. 





Figure 4-2: Bend bar in a three point bending test with outer span S1. The bend bar is loaded 
with a force F. The resulting distribution of the bending moment M is shown at the bottom. 
 
The tests were carried out using a universal uniaxial testing machine (UP Z005, Zwick Roell, 
Germany). The specimen set up is shown in Figure 4-3. Two setting jigs are used to mount 
the specimen. They are later on removed to allow the rollers to move freely. The bend bars 
are polished manually using diamond pastes down to 1 µm. The bending strength (σ) is calcu-
lated using Equations 4-6, where Fmax is the load at breakage, W and B are the height and the 
width of the specimen respectively. For the three point bending strength the inner span S2 = 0.  
The tests were conducted following the procedure of the European standard EN 843-1 
(EN843-1). However, as the sample material was limited smaller bars were tested. The details 
of the bar dimensions for the four and the three point bending tests are given in Table 4-1. 
 
 
Figure 4-3: Specimen set up for the 4-point bending test. The setting jigs are removed after 









=σ  Equation 4-6 




Table 4-1: Overview of the parameters used for the three cutting trials. 
        bending test       SEVNB test 
 bar size inner span  outer span bar size inner span  outer span 
  [mm] [mm] [mm] [mm] [mm] [mm] 
small 2 x 2.5 x 16 - 8.14 2 x 2.5 x 8 - 3.95 
large 3.75 x 3.9 x 20 7 14 3.75 x 3.9 x 20 7 14 
 
In order to determine the origin of fracture a fractographic analysis of the broken bend bars 
was carried out by optical microscopy (Stereo Discovery V8, Zeiss, Germany), electron mi-
croscopy (Vega, Tescan, Czech Republic and S-4800, Hitachi, Japan) and energy dispersive 
x-ray (Oxford Instruments, UK). Furthermore, a Weibull analysis was performed, the Weibull 
paramters m and σ0 were determined. m is a measure of the reliability, while σ0 gives the 
strength at which 63.2 % of the specimens fail. 
4.3.3 Hardness 
The hardness of the ceramic matrix composites was determined by indentation with a Vickers 
pyramid. The hardness is given by the ratio of load and the area of residual deformation. In 
the case of a Vickers pyramid this yields Equation 4-7. The test was carried out following the 
instruction from the Japanese standard JIS-R 1607 (JIS1607). The applied load F was 19.62 






H =  Equation 4-7  
 
4.3.4 Fracture toughness 
Two methods were used for the determination of the fracture strength, the single edged V-
notch beam method (SEVNB) and the indentation method (IF). For the SEVBN method a V 
shaped notch was introduced into the bend bars using a razor blade and diamond paste. An 
image of the final notch is shown in Figure 4-4. The material is then tested in a four or three 
point bending test according to the sketch in Figure 4-5. Measuring the force at breakage 
(Fmax), the depth of the notch (a) and the relative depth of the notch α (α = a/W) the fracture 
toughness can be calculated with Equation 4-8 and 4-9. 





Figure 4-4: Image of the V-notch beam.  
 
 


























−−=ΓM  Equation 4-9 
 
For small specimen sizes the indentation method was applied to measure values for the frac-
ture toughness. For the sake of clarity values measured by indentation method are called in-
dentation fracture resistance values. Values measured by the IF method were used for com-
parative reasons only (QUI07). Prior to the tests the specimens polished using diamond sus-
pension down to 1 µm. A Vickers pyramid was pressed into the specimen surface with a load 
of 2 kg (Figure 4-6). The resulting diagonals (2a) of the indent were measured with an optical 
microscope at a resolution of 40 x (Leitz, Germany), as well as the length of the cracks (2c) 
emanating from the edges of the indent. The measurement and the calculations were carried 
out according to the Japanese Standard JIS-R 1607 (JIS1607). This standard uses Equation 
4-10 proposed by Antsis et al. (ANT81). H is the hardness determined according to section 
4.3.3. 












aHK Ic =  Equation 4-10 
 
4.3.5 Edge toughness 
The edge toughness of a brittle material is a measure for the ability to withstand edge chip-
ping. McCormick and Almond found constant flake geometry when chipping a 90° edge of a 
brittle material (ALM86). Later on in 1990, they derived a constant relationship between chip 
depth (d) and fracture load upon flaking of brittle hard metals and proposed a test method to 
determine the edge fracture (ALM86, MOR01). Experiments by Gogotsi showed that the edge 
toughness is closely related to the fracture toughness of a material (GOT05). 
The determination of the edge toughness was carried out according to the European standard 
CEN 843-9 (EN843-9) on the 90° edge of a specimen. A Rockwell indenter was placed close 
to the edge, the load was constantly increased (Z005, Zwick Roell, Germany) until at a load 
Fmax a chip of thickness d breaks off. The edge toughness (ET) was calculated with Equation 
4-11. Furthermore, the same test was performed on the 50° cutting edge of the wood cutting 
tools. The testing set up is shown in Figure 4-7. For non-rectangular edges the edge tough-
ness scales with the chip thickness (d). The edge toughness was therefore plotted as a func-
tion of the chip thickness. The values were approximated with a linear regression and the 
edge toughness at 100 µm was used for comparison of different materials. 









ET max=  Equation 4-11 
 
4.3.6 Microstructure by electron microscopy 
The microstructure of the Si3N4/SiC ceramics and the cutting edges were investigated by 
means of scanning electron microscopy (SEM) (Vega Plus 5136 MM, Tescan, Czech Repub-
lic) for magnifications < 20000. For higher magnifications and for elemental analysis by energy 
dispersive x-ray (EDX) (Oxford instruments, UK) a second electron microscope was used (S-
4800, Hitachi, Japan). For revealing the microstructure the specimens were subsequently 
etched in CF4/O2 plasma (RIE 80+, Oxford Instruments, UK). The grain size of the Si3N4 
grains was determined by the linear intercept method (EN623-3). 
4.3.7 Microstructure by transmission electron microscopy 
The microstructure and especially intergranular phase of the Si3N4/SiC ceramics was investi-
gated by electron transmission microscopy (TEM). Bright field and dark field images as well 
as diffraction patterns were acquired with a CM30 (Philips, Netherlands) equipped with a LaB6 
electron source. The CM30 was operated at an acceleration voltage of 300 kV. 
Analytical transmission electron microscopy was performed on a 2200FS TEM/STEM (JEOL, 
Japan) fitted with a Schottky field emission gun operating at 200 kV and an Omega filter. The 
specimens were investigated by energy filtered TEM (EFTEM) and energy dispersive x-ray 
diffraction. EFTEM is based on the principle of measuring the energy loss of the exiting elec-
tron beam. Inelastic excitation of inner-shell electrons causes an abrupt increase in electron 
intensity. This energy loss is equal to the ionisation energy and is characteristic for an ele-
ment. By imaging the electrons which have lost a certain characteristic energy allows the 
mapping of an element. STEM EDX is based on the detection of element characteristic x-




rays. The incident electron beam ejects an inner shell electron and creats a hole which is filled 
by an electron from a higher energy shell. The difference in energy between the two levels 
may be released in the form of x-ray. The specimens were cut to a size of about 2.5 x 1 x 0.5 
mm using a diamond wire saw. Then, the specimens were mechanically polished down to a 
few microns thickness using a tripod sample holder. Finally, the samples were argon ion 
milled (RES 101, Bal-Tec AG, Liechtenstein) to electron transparency. 
4.3.8 X-ray diffraction 
X-ray diffraction (XRD) analysis was performed on the ceramic matrix composites for 
phase identification. Long-time scans with a step size of 0.005° and a scan time per step 
of 0.5 min were performed on an X’pert Pro diffractometer (Panalytical Philips, Nether-
lands) fitted with a Cu Kα radiation source. The ratio of α-Si3N4 to β-Si3N4 was calculated 
according to the method developed by Gazzara et al. (GAZ77). The peaks from the (101) 
and the (301) planes were taken for α-Si3N4, peaks from the (110) and (200) planes for β-
Si3N4. These planes were chosen as there is no overlap with peaks from SiC. The inter-
granular phases were determined with the help of the software X’PertHigh Score Plus 
(Panalytical Philips, Netherlands) and comparison with the inorganic crystal structure da-
tabase (ICSD). 
4.3.9 Cutting trials 
4.3.9.1 Short term trial 
Short term cutting trials were performed in order to determine the edge integrity of the knife. 
They were carried out on a milling machine (type HAC, GF Brugg, Switzerland) with assisted 
feed (Holzher, Switzerland), see Figure 4-8. Two types of wood were used: spruce (soft 
wood) containing many hard knots and glued beech (hard wood) with sections of different fi-
bre directions. They are both shown in Figure 4-9. A special lightweight tool head made of 
aluminium was used for the fixation of the cutting tool (Figure 4-10). A counter weight was 
fixed at the opposite position of the cutting tool for avoiding imbalance. The cutting parameters 
are listed in Table 4-2. The cutting edge of the tool and the cut wood surface was optically 
checked after cutting of 2 m. The cutting tools were analysed optically, by light microscopy 
(Stereo Discovery V8, Zeiss, Germany) and electron microscopy (Vega Plus 5136 MM, 
Tescan, Czech Republic). 
 





Figure 4-8: Milling machine with assisted feed used for the short term cutting trials.  The 
white arrow gives the location of the tool head. The direction of the wood insertion is given 
by red arrow. 
 
Figure 4-9: Types of wood which were used for the cutting trials, the thickness of the planks 
was around 14 mm 
 
Figure 4-10: Test tool head (left). Zoomed view of the cutting knife fixation (right), white ar-
row indicates the rotation direction of the tool head. The black arrow gives the feed direc-
tion of the wood. 




Table 4-2: Overview of the parameters used for the three cutting trials. 
  short term CT lifetime CT cutting force 
rotation speed [min
-1
] 8000 9000 9000 
feed rate [m/min] 12 9 4.5, 9, 13.5, 18, 27, 36 
tool diameter [mm] 180 120 120 
number of teeth [-] 1 1 2 
depth of cut [mm] 5 5 4 
speed of cut [m/s] 75.4 56.5 56.5 
wood [-] glued beech MDF spruce, beech, MDF 
 
 
4.3.9.2 Lifetime cutting trial 
The lifetime tests were carried out at the University of Stuttgart (Institut für Werkzeug-
maschinen) on a PE 170 machine (MAKA Systems GmbH, Germany, see Figure 4-11) on 
medium density fibre board (Figure 4-9 right). The machining parameters are given in Ta-
ble 4-2. The cutting edge radius was analysed before the test and then every 25 m of cut-
ting. The end of life of a cutting tool was reached when the tip radius exceeded 60 µm. 
The cutting edge was analysed with an optical measurement system (MikroCAD, 
GFMesstechnik, Germany). One hundred measurements were made and an average val-
ue was calculated automatically. Furthermore, the cutting edge of the knife was measured 
with a profilometer (Form Talysurf, Taylor Hobson Ltd, United Kingdom) before and after 
the trial in order to determine the evenness of the edge. The used cutting edges were 
analysed by SEM (Vega TS 5136MM, Tescan, Czech Republic) and EDX (S4800, Hitachi, 
Japan and Oxford instruments, UK). Beforehand, the knives were cleaned by burning of 
the glue and wood residues at 900 °C in air for 30 min. Furthermore, the edge recession 
was measured with the help of a stereo microscope (Steroe Discovery V8, Zeiss, Germa-
ny). For this purpose the knife was viewed from the rake face and the distance from the 
original cutting edge to the retracted edge was measured. The maximum edge recession 
was measured in the region of the cover layer of the MDF (red in Figure 4-12). An aver-
age edge recession in the centre of the cutting knife was recorded too (green in Figure 
4-12). 
 





Figure 4-11: CNC milling machine used for the lifetime cutting trials and the measurement of 
the cutting force. 
 
 
Figure 4-12: Sketch of the cross section of the used knife, the dotted line shows the initial 
position of the initial cutting edge (left). View from the rake face (right) showing the edge 
recession after the cutting in the region of the cover layer of the MDF (red) and of the inter-
mediate layer (green). 
 
4.3.9.3 Cutting force measurement 
The measurement of the cutting force was performed at the University of Stuttgart (Institut 
für Werkzeugmaschinen) on the same machine as the lifetime cutting trials (PE 170, 
MAKA Systems GmbH, Germany). The work piece was mounted onto a 4 component dy-
namometer (type 9272, Kistler Instrumente, Switzerland) as shown in Figure 4-13. 
Spruce, beech and MDF were tested in this order with an increasing feed from 4.5 - 36 
m/min. The tested solid wood did not contain any visible defect such as knots, glue or res-
in. Nevertheless, it is a natural and inhomogeneous material which leads to big scattering 
in the cutting forces. The solid wood (spruce and beech) was tested in the longitudinal di-




rection (direction B after Kivimaa (KIV52)). The force components are analysed quasistati-
cally with the help of a low pass filter (10-50 Hz). 
 
Figure 4-13: Set up for measuring the cutting force. The work piece is mounted to the load 
cell via a work piece holder. The red arrow at the far end of the work piece indicates the di-
rection of cutting. 
 
The average values of each force component x, y and z was determined from the meas-
ured curves. This was followed by the calculation of the active force which acts in the 
working plane x-y shown in Figure 4-14. The active force was decomposed into cutting 
force (FC) and normal cutting force (FCN). This was performed for the central knife position 
at half the maximum angle of action (½ Φmax). The cutting force is time dependent; respec-
tively it is dependent on the angle of action ΦE. A further common representation of the 
cutting force is by calculating the specific cutting force. The specific cutting force (fc) is 
normalised by the chip thickness hm and the chip width. 
 
 
Figure 4-14: Decomposition of the cutting force (FC) at half of the maximum angle of action 
(Φmax). 




4.3.10 Friction coefficient 
The friction coefficient of Si3N4/SiC and standard tungsten carbide on wood were meas-
ured by a special set up shown in Figure 4-15. The applied weight was 20 g and the 
speed was v = 10 mm/s, a distance of 10 mm was scanned. The lateral movement was 
controlled by a uniaxial driving motor (LAC1, SMC Corporate, USA). The bending of the 
sample holder which is induced by friction was recorded with resistance strain gauges 
(RSG). A calibration allows the calculation of the friction force from the measured voltage. 
The knife was fixed with a 20° angle between the clearance face and the wood surface. 
The friction coefficient µ is then calculated according Equation 4-13 by dividing the meas-
ured force F by the normal force FN. Two types of wood were tested. Beech was tested 
radial to the fibre direction (KIV52). The medium density fibre board (MDF) was tested in 
its innermost, least dense region. An average friction coefficient was calculated from 40 
measurements. The surface roughness of the two types of wood and of the clearance 
face of the cutting tools was measured beforehand with a profilometer. 
 
Figure 4-15: Experimental set up for measuring the friction coefficient of the cutting tool on 




=µ  Equation 4-13 
 
4.3.11 Corrosion resistance 
Two commercial WC knives and four CMC knives were tested for their corrosion resistance. 
Tannic acid is one type of acid contained in wood, which can act as corrosion promoter for the 
cutting tools. The knives were polished using diamond suspensions down to 1 µm size. The 
specimens were then soaked in a 0.1 M tannic acid (tannic acid extra pure, Riedel-de Haen, 
Germany) solution for 16, 32 and 64 h respectively at 60 °C. The weight change was meas-




ured and the surface was analysed by optical microscopy and SEM (Vega Plus 5136 MM, 
Tescan, Czech Republic). 
  




5 Influence of sintering and aids on mechanical prop-
erties and microstructure of Si3N4/SiC composites 
 
This chapter describes the first step in the development of near net shaped Si3N4/SiC cutting 
tools for industrial wood machining. The following statements are investigated: 
 
Thesis 1: Dense Si3N4/SiC composites suitable for wood machining can be produced 
by an industrially viable near net shape processing method. 
Thesis 2: The performance of Si3N4/SiC wood cutting tools is governed by the bulk me-
chanical properties such as strength, fracture toughness and hardness.  
 
In order to be able to confirm or reject the above theses, Si3N4/SiC composites with varying 
composition of Al2O3, Y2O3, La2O3 and MgO sintering additives for densification by near net 
shape sintering were developed. The ceramic matrix composites were densified by pressure 
less sintering and gas pressure sintering followed by hot isostatic pressing. Microstructural 
and the mechanical properties were analysed and compared to samples of the same compo-
sition made by hot pressing. The most suitable composition in terms of mechanical and mi-
crostructure properties was produced by the fully industrial route at the project partner’s plant. 
On these industrially made specimens the influence of the hot isostatic pressing on the me-
chanical properties and the microstructure was evaluated. Additionally short term cutting trials 











5.1 Starting powders 
The starting powders were analysed in terms of surface area and pycnometric density, the 
BET diameter was calculated there from. The results of the starting powder characterisation 
are given in Table 5-1. All powders show a particle size in the submicron meter range. The 
Lanthanum and magnesium compounds, which were added as hydroxide and carbonate re-
spectively, were analysed by thermogravimetric analysis (TGA) in air, in order to verify their 
decomposition into oxygen compounds during the debinding and sintering step. The mass 
loss curves are shown in Figure 5-1. The mass loss of 14 wt% for La(OH)3 corresponds well 
to the decomposition into La2O3, which shows a calculated weight loss of 15 wt%. According 
to the supplier of MgCO3 the exact formula is 4 · MgCO3 · MgOH · 4-5 H2O. The measured 
mass loss of 56 % is equivalent to the mass loss for the decompositions of 4 · MgCO3 into 
MgO (38 wt%) and MgOH into MgO (19 wt%). 
 
Table 5-1: Specific surface area, pycnometric density and BET-diameter of the starting pow-
ders. 
powder spec. surface area pycnometric density d (BET) 
 [m2/g] [g/cm3] [µm] 
Si3N4 12.71 3.02 0.16 
SiC 27.33 3.05 0.07 
Al2O3 7.19 3.86 0.22 
La(OH)3 9.85 4.23 0.14 
MgCO3 10.0 2.92 0.21 
SiO2 3.98 2.09 0.71 




Figure 5-1: Thermogravimetric analysis (TGA) of La(OH)3 and MgCO3 starting powders in air.  




5.2 Suspension and spray dried granules 
The viscosities of the suspensions used for spray drying were measured. An example of the 
viscosity curve for suspension 5.9+2 is given in Figure 5-2. The suspension shows a shear 
thinning behaviour, follow by shear thickening for shear rates > 400 s-1. The particle size of the 
suspension and the viscosity were tested before spray drying. The particle size distribution of 
both is displayed in Figure 5-3. The particle size of all the prepared suspension was in the 
range of 1 µm. The spray dried granules for all compositions are in the range of 10 – 300 µm. 
A small peak can be found around 1 µm for granulates. This is due to the disintegration of 
granulates during the particle size measurement, which was carried out in water. 
 
 
Figure 5-2: Rheology measurement of suspension 5.9+2 after ball milling for 48 h. The arrow 
pointing to the bottom right indicates that this part of the curve was measured with increas-
ing shear rate, while the other part (arrow to the top left) was recorded when reducing the 
shear rate. 
 
The humidity of the spray dried granules was about 4 %. A dehumidification step carried out in 
a drying cabinet (70 °C for 12 h) led to a decrease of the humidity to 0.5 %. In order to in-
crease the flowability of the granules only the portion form 63 – 240 µm was used for further 
processing. The flowability of the granules after sieving and elimination of the dust (> 63 µm) 
and of the large agglomerates (> 240 µm) increased and a flowability of 22 g/s was reached 
for an orifice of 15 mm. The bulk density of the spray dried granulates was around 1.0 g/cm3. 
A commercial Si3N4 powder from Ceratizit Luxembourg shows a flowability of 39 g/s and a 
bulk density of 0.8 g/cm3. 




     
Figure 5-3: Particle size distribution measured by laser diffractometry of the suspension and 




The density of the three compositions named 5.9+2, 8+2 and 9+1 are given in Figure 5-4 
as a function of the processing methods pressure less sintering (P), gas pressure sinter-
ing (G) and hot pressing (H). The densities were measured before and after the post sin-
tering heat treatment by hot isostatic pressing (HIP) at 1200 °C. The pressure less sinter-
ing process yields relative densities of 85 – 88 %. HIP could increase the density of the 
pressure less sintered samples by about 5 %. However, near theoretical density was not 
reached by pressure less sintering followed by HIP. The density of the specimens consol-
idated by hot pressing and gas pressure sintering did not improve significantly during 
post-HIP. However, the lower the density of the sintered sample the larger the potential for 
the density increase during HIP. It has to be kept in mind that the hot pressing process in 
Figure 5-4 was not optimised. Densities of 99.7 % (red line in Figure 5-4 left) were 
achieved with an optimised hot pressing program. The mechanical pressure was 30 MPa 
in the optimised hot pressing process. However, 10 MPa were used in the current hot 
pressing cycle in order to imitate the GPS process, where the maximum pressure of the 
available GPS equipment is limited to 10 MPa. A density < 95 % is not suitable for a cut-
ting tool. The pressure less sintered specimens were therefore not further analysed. 





Figure 5-4: Density of three compositions produced by pressure less sintering (P), gas 
pressure sintering (G) and hot pressing (H). The density is given after the sintering (a) and 
after the post hot isostatic pressing (b). The red dotted line in the graph a) gives the density 
achieved by hot pressing with an optimised process and composition. 
 
 
5.4 Mechanical properties 
The bending strength and the fracture toughness (SEVNB) of the specimens densified by hot 
pressing and gas pressure sintering followed by HIP at 1200 °C are given in Figure 5-5. The 
small testing set up and specimen size was used for the measurements presented here. The 
bending strength of a gas pressure sintered sample is slightly higher than of the equivalent 
hot pressed sample. The fracture toughness of all samples is in the range of 4.5 MPa√m in-
dependent of the composition and the processing. Fractographic analysis was performed on 
the bend bars. The fracture origins were found to be black spots mainly (Figure 5-6). Analysis 
by SEM and EDX revealed that these black spots are made up of an accumulation of sinter-
ing additives such as La, Y and O in combination with a depletion of Si (Figure 5-7). Elongat-
ed Si3N4 grains are characteristic for the surrounding area of the fracture origin. 





Figure 5-5: Bending strength and fracture toughness determined in a 3-pt bending test on 
small specimens. H stands for specimen made by hot pressing, G for specimens made by 
gas pressure sintering and HIP. The specimen marked with a * was produced by the labora-




Figure 5-6: Fracture surface of a bend bar G9+1 having a bending strength of 1070 MPa. The 




Figure 5-7: SEM image of the fracture origin of bend bard G9+1 from Figure 5-6. EDX map-
ping (right) of the indicated area showed a depletion of Si combined with a accumulation of 
sintering additives. 
 




The hardness is another important property for cutting tool materials. The hardness of the 
three compositions 5.9+2, 8+2 and 9+1 made by hot pressing or gas pressure sintering fol-
lowed by HIP at 1200 °C are given in Figure 5-8. The hardness of the hot pressed specimens 
is higher than for the gas pressure sintered samples. Beside the good combination of strength 
and toughness, composition 5.9+2 shows the highest hardness among the gas pressure sin-
tered samples. The sample G5.9+2 was hence further investigated and knives for the cutting 
trials were produced.  
 
Figure 5-8: Hardness of three compositions made by hot pressing (H) and gas pressure sin-
tering (g) followed by HIP at 1200 °C. 
 
5.5 Microstructure 
The grain size of the 3 compositions processed by hot pressing and gas pressure sintering is 
given in Figure 5-9. SEM image of plasma etched microstructure of specimens H9+1 and 
G9+1 are given below (Figure 5-10). The microstructure of the hot pressed specimen is finer 
than for the gas pressure sintered specimens. The CF4/O2 etching leads to a preferred attack 
of the Si3N4 grains, while the intergranular phase and the SiC grains are less attacked. Hence 
the characteristic hexagonal shape of the β-Si3N4 grains becomes visible. The SiC grains are 
found in intergranular and intragranular position as shown in Figure 5-10 b). The intergranular 
phase is visible in multigrain junctions and in the grain boundaries of Si3N4 grains. 
X-ray diffraction showed that in the specimens prepared by hot pressing about 5 % α-Si3N4 
from the starting material is present beside the β-Si3N4, whereas in the gas pressure sintered 
samples only β-Si3N4 was found. 





Figure 5-9: Grain size of the three compositions made by hot pressing (H) and gas pressure 
sintering (G) followed by HIP at 1200 °C.  
 
Figure 5-10: Microstructure of composition 9+1 made by hot pressing (a) and gas pressure 
sintering (b). The Si3N4 grains were attacked by the plasma. The SiC grains are found in in-
tergranular (SiCinter) and intragranular position (SiCintra). 
 
5.6 Edge integrity 
Short term cutting trials on spruce with knots were performed and it was found that hot 
pressed knives show better edge integrity. Only a few, very small chips were visible on hot 
pressed cutting edges, while the gas pressure sintered knives show more extensive chip-
ping. Some origins of chip are given in Figure 5-11 for the gas pressure sintered knife 
G5.9+2. Pores, agglomerates, secondary phases and machining defects were identified.  





Figure 5-11: Knife G5.9+2 after the edge integrity test by cutting spruce with knots. 5 select-
ed origins of chipping are shown. Agglomerates, machining defects, pores and secondary 
phases were found to be the cause for fracture. 
 
5.7 Post sintering hot isostatic pressing (HIP) 
From the previous chapter the specimen G5.9+2 was chosen to be the most suitable for the 
cutting tool material. An industrial scale batch of composition 5.9+2 was therefore produced at 
the project partner’s plant by spray drying. The code “-I” is used to identify this compositions. 
Bend bars for strength testing and knives for the edge integrity test were made by die press-
ing and gas pressure sintering following the industrial processing route. The effect of the post 
sintering heat treatment on the mechanical properties and on the edge integrity is investigat-
ed.  
5.7.1 Influence of HIP on the mechanical properties 
The mechanical properties of the specimen G5.9+2-I before and after HIP at 1200 °C are giv-
en in Table 5-2. The density and the grain size remain constant. Concerning the mechanical 
properties the hardness increases, however, the fracture toughness and the bending strength 
decrease. A Weibull plot of the bending strength values before (black circles) and after HIP at 
1200 °C (red squares) is given in Figure 5-12 including the 90 % confidence bounds calculat-
ed according to the maximum likelihood method. The 90 % confidence bounds of the untreat-
ed specimen are 723 MPa < σ0 < 808 MPa, while for the HIP specimens they are 652 MPa < 




σ0 < 722 MPa. It can therefore be stated, that with 90 % reliability the Weibull strength σ0 de-
creases upon HIP treatment. For the Weibull modulus m the lower and the upper limit for the 
90 % confidence bounds are 6.5 < m < 15.8 for the untreated and 7.1 < m < 17.23 for the HIP 
specimen. No statement about the change of the Weibull modulus upon HIP treatment can be 
made. The origins of fracture were porous areas for most of the specimens. The fracture ori-
gins of the specimens marked with a star in Figure 5-12 are shown below.  
 
Table 5-2: Properties of the sample G5.9+2-I before and after hot isostatic pressing (HIP). 
The fracture toughness and the bending strength was measured on large bend bars. 
specimen 
HIP density grain size hardness fracture toughness av. bending strength 
[°C] [%] [µm] [MPa] [MPa√m] [MPa] 
G5.9+2-I - 98.7 ± 0.5 0.8 ± 0.2 16.9 ± 0.62 5.19 ± 0.21 756 ± 81 
G5.9+2-I 1200 99.0 ± 0.2 0.8 ± 0.2 17.8 ± 0.39 4.83 ± 0.22 661 ± 55 
 
   
Figure 5-12: Weibull plot of the bending strength (σ) of specimen G5.9+2-I before and after 
HIP at 1200 °C. m and σ0 are the Weibull parameters. The grey and red shaded areas give the 
90 % confidence bounds for the specimens before and after HIP. Fracture origins of the data 
point marked with * are shown below. 
 




The fracture origins of the specimen G5.9+2-I without HIP treatment having a strength of 821 
MPa is located near the edge (see Figure 5-13). The detailed view by SEM shows that the 
fracture origin is a porous area. The pores are surrounded by globular grains. The same phe-
nomenon is observed for the specimen G5.9+2-I having a strength of 655 MPa (see Figure 
5-14). However, the fracture origin is located near the neutral surface. For the HIP treated 
specimens, the fracture origin of a bend bar with intermediate strength (σ = 626 MPa) is 
shown in Figure 5-15. Again, the fracture origin located near the tensile surface is a porous 
region. 
 
Figure 5-13: SEM images of the fracture surface (a) and the fracture origin (b) of specimen 
G5.9+2-I without HIP treatment. The fracture strength of this bend bar was 821 MPa. 
 
Figure 5-14: SEM images of the fracture surface (a) and the fracture origin (b) of specimen 
G5.9+2-I without HIP treatment. The fracture strength of this bend bar was 655 MPa. 
 
Figure 5-15: Light microscope image (a) of the fracture surface and SEM image (b) of the 
fracture origin of specimen G5.9+2-I after HIP at 1200 °C. The bending strength of this bar 
was 626 MPa. 




5.7.2 Influence of HIP on the microstructure 
Figure 5-16 shows the polished cross section of the specimen G5.9+2-I before the HIP treat-
ment, white spots are visible in the material (a). SEM shows that these white spots are pores 
(b). These optically visible pores get eliminated during the HIP treatment at 1400 °C. Howev-
er, the sample becomes slightly greyish (c). 
By x-ray diffraction no change in the ratio of Si3N4 to SiC was found between the untreated 
and HIP specimens, at least for specimens sintered by hot pressing or gas pressure sintering. 
However, for porous samples with densities < 90 %, e.g. made by pressure less sintering a 
complete loss of SiC was observed and the specimens turned black. 
The x-ray diffraction patterns in Figure 5-17 show that the initially amorphous intergranular 
phase crystallises upon hot isostatic pressing. In the case of the displayed specimen G5.9+2 
the phase Y5Si3O12N appears in the XRD pattern. The crystallisation of the intergranular 
phase was also confirmed by selected area diffraction in TEM. The diffraction pattern in Fig-
ure 5-18 a) consists of single diffraction discs which are a proof for the crystalline nature of 
the analysed triple point. If the intergranular phase were completely amorphous concentric 
rings would be visible. Due to the fact that the multiple grain junctions are very small (< 120 
nm) diffraction of a single intergranular phase is impossible. A dark field image was acquired 
(Figure 5-18 b) by selecting a beam in the diffraction pattern which originates from diffraction 
by the intergranular phase (Figure 5-18 c). 
 
 
Figure 5-16: Light microscopy image of the polished surface of specimen G5.9+2-I before 
HIP (a). The white spots found in the material correspond to pores (b). Specimen G5.9+2-I 
after HIP at 1400 °C, the white spots have disappeared (c). 





Figure 5-17: XRD pattern of specimen G5.9+2 without (a) and with hot isostatic pressing at 
1200 °C (b). A crystallisation of the intergranular phase into an oxynitride phase is visible. 
 
 
Figure 5-18: Bright field TEM picture including selected area diffraction pattern of the inter-
granular phase (white arrow, a). Dark field TEM image of a multiple grain junction (b), the 
dark field image was produced with the diffracted beam (red circle) shown in c). 
 
5.7.3 Influence of HIP on the edge integrity 
Figure 5-19 shows the clearance face of a wood cutting tool (H10) without (a) and with HIP 
treatment (b) after cutting spruce. The chipping not only reduces the lifetime of the cutting tool, 
but it also leads to inacceptable surface quality of the cut wood surface. Figure 5-20 show the 
wood surface cut with knife H10 without HIP treatment. The chips on the cutting edge leave 
their marks on the wood as fine lines. Chipping on spruce was found to occur usually about 
20 mm before the knife hits a hard knot. 





Figure 5-19: Image of the cutting edges (white arrow) viewed from the clearance face of a 
ceramic composite knife H10 after the cutting trial on spruce. a) Tool without hot isostatic 
pressing (HIP), b) tool tested after HIP treatment at 1200 °C. 
 
 
Figure 5-20: Surface of cut spruce containing a large knot. Chipping occurs when the ce-
ramic composite knife approaches the hard knot. Chips on the tool are visible as marks on 
the wood. The white arrow indicates the cutting direction. 
 
Several post sintering heat treatments were tested in order to evaluate the best treatment 
for the cutting edge stability. The tools (G5.9+2-I) tested in an edge integrity test on 
spruce are shown in Figure 5-21. A pure heat treatment in N2 atmosphere for 24 h but 
without gas pressure (a) led to a complete destruction of the tool during the test. Hot iso-
static pressing in argon pressure also led to a complete failure of the cutting edge. Only 
hot isostatic pressing in N2 improved the edge integrity of the cutting tool. No big differ-
ence was visible between hot isostatic pressing at 1200 °C or 1400 °C. There is neither 
increase in grain size nor a change in aspect ratio occurring during the HIP treatments or 
during the annealing. For all the treatments a crystallisation of the intergranular phase was 
observed. Y5Si3O12N formed during all the treatments. No difference in grain size was 
found between the untreated and heat treated specimens.  





Figure 5-21: Ceramic composite tools G5.9+2-I after post sintering heat treatment in N2 at-
mosphere for 24 h (a); hot isostatic pressing (HIP) in argon at 1360 °C (b); HIP in N2 atmos-
phere at 1200 °C (c) and HIP in N2 at 1400 °C (d). 
 
5.8 Discussion 
5.8.1 Powder processing 
In the feasibility study by Eblagon et al. an alcohol based suspension was prepared 
(EBL07). However, for an industrial process this is unsuitable due to economic and eco-
logical reasons. A water based suspension was therefore prepared within the course of 
this thesis. The processing of powder mixtures of non-oxide material (Si3N4 and SiC) and 
oxide sintering additives is relatively difficult (HRU99) due to the difference in surface 
charges. The isoelectric point (IEP) of SiC is in the range of 2-3 (SUN01), the IEP of Si3N4 
is around 7 (HRU99), while the sintering additives Al2O3 (KOS02), Y2O3 (KOS09), La(OH)3 
(KOS09) and MgO (KOS02) have IEPs of about 9, 8.7, 10 and 12.4 respectively. By ex-
changing MgO for MgCO3 the IEP of the magnesium compound was lowered from 12.4 to 
9 (SKV96) and a stable suspension was prepared at a pH of 11 where all powders have a 
negative surface charge. The problem of flocculation and coagulation could also be over-
come for example by surface modification of the non-oxide powders (LUT95). 
The production of high quality green bodies by automated die pressing requires reproduc-
ible die filling and a uniform density of the fill. This requires good granule flowability. The 
flowability is coupled among others to the granule size and distribution, the granule mor-
phology, the surface and the moisture content (WAL99). Dense, spherical granules with 
smooth and non-sticky surfaces are preferred. Additionally, a granule size of 50 - 300 µm 
with a narrow size distribution yields good flow properties (REE95). The atomisation in the 
near industrial route was performed on a spray dryer with a low pressure (peristaltic) 
pump and a nozzle diameter of 2 mm. Consequently, a low viscosity suspension was re-




quired and the solids loading and the binder content were restricted in the near industrial 
route. The spray dryer at Ceratizit Luxembourg is equipped with a high pressure pump up 
to 25 bar and a larger nozzle. Suspensions of higher viscosity and higher binder content 
can be produced than in the near industrial route can be sprayed. The granules from the 
industrial route show better flow and pressing properties than the granules from the near 
industrial route made at Empa. Automated die pressing was only possible with the indus-
trially made granules. The near industrial granules required shaping by cold isostatic 
pressing and green machining but finally similar green densities were achieved for both 
processing routes. 
A further important difference between the near industrial and industrial processing is the 
homogenisation which is carried out by ball milling and attrition milling respectively. Attri-
tion milling is more energetic and generally preferred for hard refractory oxides, carbides 
and nitrides (REE95). As the starting powders are relatively fine (≈ 0.5 µm) homogenisa-
tion is the main task of the ball milling and not so much comminution. However the results 
showed that attrition milling is more effective for the homogenisation. This was shown by 
the fracture origins in the bending tests which were found to be among others due to in-
homogeneities in sintering additive distribution and agglomerates for specimens G5.9+2. 
The fracture origins of the specimens G5.9+2-I were pores but no more sintering additive 
clusters. 
5.8.2 Densification 
Due to the lack of mechanical pressure assistance in GPS and PLS densification is more 
difficult compared to HP. Hence, MgO was added as a low temperature sintering additive. 
The presence of more liquid phase leads to higher densities, PLS specimens with 10 wt% 
(8+2 and 9+1) additives show higher densities than specimen G5.9+2 with a total addi-
tives amount of 7.9 wt% (Figure 5-4). MgO is a sintering additive which lowers the eutectic 
temperature and thus the viscosity of the liquid melt. Densification rates are therefore in-
creased for MgO (ZIE87). Consequently specimen G8+2 is denser than specimen G9+1. 
The above influence of the sintering additive content and MgO level were not observed 
with the specimens produced with pressure assistance (GPS and HP). HIP could increase 
the density of PLS specimens by about 5 %. GPS and HP specimens, which had densities 
between 97.5 and 99 %, did not densify further during the post sintering HIP treatment at 
1200 °C. It is known that the density gain gets smaller as the initial density of the sample 
approached theoretical density (ZIE85). Furthermore, it is also known that the densifica-
tion by HIP is only possible if the presintered samples have densities above 94 % and 
thus open porosity has been eliminated before HIP. This was observed for example by 
Ziegler et al. where a decrease in density after HIP of specimen with density below 94 % 




was recorded (ZIE85). They attribute this drop in density to the evaporation of liquid phase 
during HIP at 1980 °C. The HIP temperature in the present study was 1400 °C. An evapo-
ration of the sintering additives is therefore unlikely and an increase in density during HIP 
might thus be possible. 
The elimination of the porosity was shown to be a major step in the production of ceramic 
cutting tools (EBL07).  For gas pressure sintered specimens porosity – visible as white 
spots - can be partially eliminated by hot isostatic pressing. The density of the PLS speci-
mens after hot isostatic pressing (HIP) reached 88 % at maximum. This is insufficient for 
the application as a cutting tool. However, with the addition of more sintering additives 
high density Si3N4/SiC composites could be fabricated. Greil et al (GRE87) produced 
dense Si3N4/SiC composites containing 15 wt% additives by PLS and HIP. An increase in 
sintering additive is known to reduce the mechanical properties (ZIE87). PLS was there-
fore decided to be unsuitable for the densifications of the current compositions. 
5.8.3 Microstructure, mechanical properties and edge integrity 
The grain size of the GPS specimens is larger (~ 0.8 µm) than for the HP specimens (~ 
0.4 µm) this is a consequence of the lack of the mechanical pressure in GPS compared to 
HP (Figure 5-9 and Figure 5-10). Additionally, the process time is shorter and the sintering 
temperature is lower in HP compared to GPS. This allows less time for grain growth. The 
cutting tools for wood cutting require very sharp tips with radii around 2 µm. The smaller 
the grain size the easier is the production of such sharp tips. Another aspect is the grain 
pull out which has less effect on the cutting edge roughness if the grain size is small. The 
shorter processing time and the lower sintering temperature also affect the phase trans-
formation of the α-Si3N4 to β-Si3N4. In the GPS specimen this phase transformation was 
completed, while the HP samples still contain about 5 % α-Si3N4. α-Si3N4 has a higher 
hardness than β-Si3N4 (PET02) this could be one reason for the higher hardness of the 
HP specimens compared to GPS samples (Figure 5-8). Another reason could be the 
smaller grain size. Rice et al. stated that the hardness typically increases with decreasing 
grain size in the finer grain size region (RIC94). A high hardness is important for good 
wear properties of a cutting tool but on the other hand a high hardness hampers the ma-
chinability of the cutting edge. Easy machinability reduces the production costs and in-
creases the quality of the cutting edge. 
The bending strength of the GPS specimens is higher than for the HP samples (Figure 5-
5). Usually, a decrease in grain size leads to an increase in strength (RIC97). There must 
be another influence, such as the anisotropy, the difference in aspect ratio or the pres-
ence of α-Si3N4 in the HP specimens which could lower the strength of the HP specimens 
compared to the GPS samples. A decrease in strength at constant fracture toughness 




gives an increase in defect size according to the Griffith equation σ = KIC/(Y√a) (MUN01). 
Despite, no difference of the type of defect was found by fractography of HP and GPS 
specimens. Agglomerates of sintering additives combined with some porous area were 
found to be the origins of failure in the bend bars (Figure 5-6 and Figure 5-7). 
I decided that the composition G5.9+2 is the most promising based on the fact that it has 
the smallest grain size and highest hardness among the GPS specimens. The edge integ-
rity of the hot pressed knives is better than of the gas pressure sintered knives. Flaking of 
the cutting edge of knife G5.9+2 leads to unsatisfactory performance of the cutting tool. 
Chipping of a cutting tool is usually associated with the fracture toughness of a material. 
The experiments showed that the fracture toughness of hot pressed and gas pressure sin-
tered knives are similar, nevertheless the GPS knives are more prone to chipping. Addi-
tionally, the GPS knives possess better strength which should reduce the risk of breaking. 
The lower hardness of the GPS composites is a disadvantage compared to the hot 
pressed samples. However, the hardness is known to influence the wear rather than the 
chipping behaviour. The analysis of the origins of chipping showed that defects such as 
agglomerates or pores can act as fracture origins (Figure 5-11). It is possible that the GPS 
specimens show more defects than the hot pressed samples. This increases the probabil-
ity of a defect near the cutting edge which can initiate the detrimental chipping. The pro-
duction of knives by the fully industrial route, should give knives with better integrity. 
5.8.4 Hot isostatic pressing 
Even though only limited increase in density was detected (~ 0.5 %) the hot isostatic 
pressing (HIP) was found to be indispensable for the edge integrity of the wood cutting 
tools (Figure 5-19 and Figure 5-20). Strength and fracture toughness show a tendency to 
decrease upon HIP treatment of the samples G5.9+2-I (Table 5-2 and Figure 5-12). This 
is counterintuitive, especially when considering the elimination of optically visible pores 
during the HIP treatment (Figure 5-16). A further effect of the HIP treatment is the partial 
crystallisation of the intergranular phase which seems to play a crucial role in governing 
the edge integrity (Figure 5-17 and Figure 5-18). The increase in hardness may be asso-
ciated with the partial crystallisation too. Y5Si3O12N was formed in the specimen G5.9+2-I 
during the HIP treatment. This phase as well as Y2Si3O3N4 and YSiO2N were identified by 
Rendtel et al in Si3N4/SiC composites with Y2O3 sintering additive annealed at 1400 °C 
(REN02). They stated that the above heat treatment increases the creep resistance of the 
gas pressure sintered specimens. An annealing step instead of a HIP treatment could 
save some production costs. Knives which were annealed at 1400 °C for 24 h show a par-
tially crystalline intergranular phase of type Y5Si3O12N. However, these knives failed com-
pletely during the cutting trial (Figure 5-21). This suggests that not only the crystallisation, 




but also the pressure induced crack healing is playing a crucial role for the edge integrity 
(JUN09). Micro cracks which might be introduced during the automated machining can be 
partially eliminated during a post sintering treatment by HIP. However, the healing seems 
to be more efficient when performing the HIP in nitrogen compared to argon atmosphere 
although the crystallisation of the intergranular phase into Y5Si3O12N was observed for 
both argon and nitrogen treatments. 
 
5.9 Summary 
The results shows that gas pressure sintering is a viable alternative to hot pressing for the 
production of dense Si3N4/SiC wood cutting tools. The problem of densification by gas 
pressure sintering can be overcome by using a combination of refractory sintering addi-
tives i.e. La2O3 and Y2O3 and sintering aids such as MgO and Al2O3, which lower the liqui-
dus temperature of the intergranular phase. The latter allows the consolidation of 
Si3N4/SiC composites to high density without mechanical pressure by gas pressure sinter-
ing. Thesis 1 is accepted. 
The macroscopic and bulk mechanical properties such as the fracture toughness and the 
strength do not represent the quality of the cutting edge. Hot pressed and gas pressure 
sintered cutting tools possess similar fracture toughness values. Nevertheless, the cutting 
edge integrity of the gas pressure sintered tools is inferior to the hot pressed tools. The 
cutting trials on wood show that the edge integrity increases drastically if a heat treatment 
by hot isostatic pressing in nitrogen between temperature of 1200 – 1400 °C is performed 
after sintering and machining of wood cutting tool. A partial crystallisation of the intergran-
ular phase takes place during the hot isostatic pressing. Furthermore, pores and machin-
ing cracks are partially healed. Defects such as machining cracks and pores might not be 
the largest defects in the material and might not influence the strength so much. Neverthe-
less, if they are located close to the cutting edge they can initiate chipping or a complete 
failure of the cutting edge. Thesis 2 must be rejected. 
 
Further steps include the evaluation of the influence of the intergranular phase on the cut-
ting performance and the comparison of cutting performance with the composites pro-
duced in the feasibility study. Due to the fact that a partial crystallisation of the intergranu-
lar phase happens upon hot isostatic pressing, the usage of more sintering additives 
might not be so detrimental for the cutting tool. The next chapter therefore also investi-
gates the production and performance of cutting tools with a higher quantity of sintering 
additives, which are more refractory. 




6 Intergranular phase for wood cutting application 
 
The aim of this chapter is to determine the most important factors influencing the cutting edge 
integrity. Thesis 3 and 4 are investigated. 
 
Thesis 3: The edge integrity of Si3N4/SiC wood cutting tools is governed by microscop-
ic features and not by bulk material properties. 
Thesis 4: Magnesium oxide as a sintering additive is disadvantageous for the cutting 
performance of Si3N4/SiC wood cutting tools and must be avoided. 
 
For confirmation of the above statements, the most promising composition from chapter 5, 
G5.9+2-I containing 2 wt% MgO sintering additive, and a further composition with a higher 
amount of sintering additive but no MgO addition were tested. These two compositions suita-
ble for near net shaping by GPS were compared to the knife from the feasibility study (H7.9) 
which showed excellent cutting performance in the machining trials. The three specimens are 
first characterised for their microstructure, mechanical and edge integrity properties. A particu-
lar interest was focussed on the intergranular phase which was characterised by analytical 
TEM and XRD. Moreover, the evolution of the intergranular phase as a function of the MgO 















6.1  Mechanical, microstructure and cutting properties 
The density, the average grain size and some mechanical properties of the analysed knives 
are listed in Table 6-1. As shown in the previous chapter already, hot pressing produces high 
density composites with very fine microstructures. H7.9 has the highest hardness and the fin-
est grain size of the three cutting tools. There is no difference in the mechanical properties of 
tool G5.9+2 and G12. A detailed investigation of the microstructure is given in Figure 6-1, 
where the distribution of the grain length and the aspect ratio is given. The specimen H7.9 has 
more small grains with higher aspect ratio. The distributions of specimens G5.9+2-I and G12 
are similar. The paths of cracks originating from the edges of a Vickers indent are displayed in 
Figure 6-2. The crack propagates by intergranular and transgranular fracture in specimen 
H7.9 and G5.9+2-I. However, in tool G12 the crack extends along the intergranular phase 
mainly. 
  
Figure 6-1: Aspect ratio and grain length distribution of the specimens H7.9, G5.9+2-I and 
G12. 
 
Figure 6-2: Crack path through the microstructure of specimens H7.9 (a), G5.9+2-I (b) and 
G12 (c). The cracks originate from the edges of a Vickers indent. 
 




Table 6-1: Microstructure and mechanical properties of the three analysed specimens. The 
result of the edge integrity test is give as well. 
 H7.9 G5.9+2-I G12 
density [%] 99.5 ± 0.2 97.5 ± 0.3 97.4 ± 0.4 
av. grain size [µm] 0.35 ± 0.09 0.72 ± 0.18 1.02 ± 0.18 
Vickers hardness [GPa] 18.25 ± 0.58 16.57 ± 0.20 16.4 ± 0.56 
indentation fracture resistance [MPam-1/2] 5.85 ± 0.4 5.24 ± 0.29 5.4 ± 0.22 
edge toughness [N/mm] 530 ± 50 496 ± 44 509 ± 36 
first cutting quality good not acceptable good 
 
The microstructure of two specimens H7.9 and G5.9+2 after HIP at 1200 °C were analysed in 
more details by transmission electron microscopy. Some TEM images of H7.9 are given in 
Figure 6-3. Elongated and hexagonal β-Si3N4 grains are visible in Figure 6-3 a). Figure b) 
shows a high resolution image of a triple point between two Si3N4 grains and the intergranular 
phase in dark. There is a film visible between the Si3N4 grains and the intergranular phase. As 
seen already by SEM the SiC grains are also located within the Si3N4 grains (Figure 6-3 c). 
Figure 6-4 gives the microstructure of specimen G5.9+2. The microstructure is coarser com-
pared to the hot pressed specimen H7.9. Similar to specimen H7.9, SiC grains of the size of 
around 20 nm are located in the Si3N4 grains. 
Nevertheless, the first cut quality of the wood surface differs widely. Tool G12 yields cutting 
surfaces with a nice finish, while tool G5.9+2 results in an inacceptable surface finish. The in-
ferior first cut quality is due to heavy chipping taking place at the cutting edge as it is shown in 




Figure 6-3: TEM bright field images showing. a) Overview of the microstructure of a hot 
pressed and hot isostatic pressed sample H7.9. b) High resolution image of a grain bounda-
ry located in between the arrows. c) Image of a SiC grain embedded in a β-Si3N4 grain. 





Figure 6-4: TEM bright field images of sample G5.9+2. a) Overview of the microstructure of 
the specimen G5.9+2 after hot isostatic pressing. b) Grain boundary between a β-Si3N4 and a 
SiC grain and between a intergranular triple point and the β-Si3N4 grain marked with arrows. 
c) SiC grains located inside β-Si3N4 grain. 
 
 
Figure 6-5: Photograph of the surface of laminated beech after cutting with knives G5.9+2-I 
(a). Knives G5.9+2-I (b) and G12 (c) after the edge integrity test on laminated beech. The 
knives are viewed from the rake face. The red arrows show the chips. 
 
6.2 Characterisation of the intergranular phase 
Elemental mapping by energy filtered TEM (EFTEM) of the specimens H7.9 and G5.9+2 were 
performed. The scanned area of specimen H7.9 is shown in Figure 6-6 (top left). An overlay 
of the energy filtered images of Si and C allow the identification of the Si3N4 and the SiC 
grains. The elements La, Y and O are located in the intergranular phase. Further investigation 




by STEM-EDX indicates that there is no N located in the intergranular phase. Mappings for N 
and La are shown in Figure 6-7. Al could not be detected by STEM-EDX nor EFTEM. 
 
Figure 6-6: Elemental mappings by EFTEM of specimen H7.9. The top left image shows the 
scanned area. The combined mappings of C and Si is given (top right), as well as the com-
bination of La and Y (bottom left) and the distribution of O. The mappings were performed 
by EFTEM. 
 
Figure 6-7: Scanned area and corresponding STEM-EDX mapping of the elements N and La. 
 
Elemental mappings of the specimen G5.9+2 are shown in Figure 6-8 acquired by STEM-
EDX for the elements Si, N, O, Y, La, Al and Mg and by EF-TEM of the element C. In con-
trast to the sample H7.9 the element N is detected in the intergranular phase. Beside ni-
trogen also Y, La, Mg and oxygen are found in the multiple grain pockets. Al which was a 
further sintering additive in the composition 5.9+2 is found at the borders of the intergranu-
lar phase only. XRD spectra of the specimens H7.9 and G5.9+2 and additionally of G12 




are given in Figure 6-9. The presence of the nitrogen in the multiple grain pockets of the 
specimen G5.9+2 is confirmed, the crystalline part of the intergranular phase was identi-
fied as Y5Si3O12N. On the other hand, nitrogen free phases were detected in the speci-
mens H7.9 and G12. Silicate phases were identified for the latter MgO-free compositions. 
 
 
Figure 6-8: Elemental mapping of specimen G5.9+2-I. STEM HAADF image gives the ana-
lysed area. The elemental mappings were carried out by scanning transmission electron 
microscopy in EDX mode (STEM EDX). Except for the C-map which was performed by ener-
gy filtered TEM (EFTEM). 





Figure 6-9: XRD spectra of the specimens H7.9, G5.9+2-I and G12. 
 
6.2.1 Evolution of the intergranular phase as a function of the   
MgO level 
The evolution of the intergranular phase as a function of the MgO content and the HIP 
temperature was investigated on three gas pressure sintered specimens G5.9+2-I, G8+2 
and G9+1. The HIP temperature was varied between 1200 °C and 1500 °C. Treatments at 
1200 and 1300 °C lead to the (partial) crystallisation of an oxynitride phase. HIP at 1400 
°C produces a mixture of the oxynitride and a silicate phase. At 1500 °C the oxynitride 
phase disappears and a pure silicate phase is found. A summary of the XRD analysis of 
the specimens G5.9+2, G8+2 and G9+1 are given in Table 6-2. The smaller the relative 
amount of MgO in the compositions the more favourable is the formation of a silicate 
phase during the HIP treatment. Additionally, the higher the HIP temperature the more 
probable the crystallisation of a silicate phase. 
 
Table 6-2: Types of intergranular phases forming upon the HIP treatment at various temper-
atures. 
 G5.9+2-I G8 + 2 G9 + 1 
1200 °C Y5Si3O12N Y5Si3O12N + X Y5Si3O12N 
1300 °C Y5Si3O12N + X Y5Si3O12N + X Y5Si3O12N 
1400 °C Y5Si3O12N Y2Si2O7 Y5Si3O12N + Y2Si2O7 
1500 °C - - Y2Si2O7 





6.3.1 Comparison of properties 
The two approaches for achieving high density Si3N4/SiC cutting tools by gas pressure 
sintering were followed. Both compositions G5.9+2-I and G12 have densities around 97.5 
% compared to the hot pressed knife from the feasibility study with a density of 99.5 %. 
Eblagon et al. showed that the density is a crucial parameter for the cutting performance 
of Si3N4 based cutting tools (EBL07). As mentioned already in chapter 5 the different pro-
cessing routes yield different microstructures and consequently this influences the me-
chanical properties. The microstructure of specimen H7.9 is finer (0.34 µm) and the as-
pect ratio determined in the pressing direction is higher compared to the two gas pressure 
sintered knives. However, the grain size of the specimen G12 is slightly larger (1.02 µm) 
compared to the specimen G5.9+2 (0.72 µm). This is due to the larger amount of sintering 
additives in G12. More liquid phase allows more and faster transport and hence leads to 
an increased grain growth. For wood cutting tools, where grain pull out at the cutting edge 
is an issue, fine microstructures are desired. The fine microstructure in specimen H7.9 
and probably also the small amount of refractory sintering additives gives a hardness of 
18.25 GPa. The high hardness of the composition H7.9 is a further advantage. The wear 
behaviour increases with in increasing hardness. The fracture toughness determined by 
the indentation method is similar for all specimens. It is known from literature that the frac-
ture toughness increases with increasing grain size and aspect ratio (DEP03, BOD93). 
Hence, specimen H7.9 with more elongated grains should have higher fracture tough-
ness. However, the small grain size counteracts this effect. All specimens show a combi-
nation of trans- and intergranular fracture. However, specimen G12 exhibits less trans-
granular fracture than the specimen G5.9+2-I. This finding and the relatively large grains 
compared to the other specimens should give higher fracture toughness for specimen 
G12. It is known that a crack path along the grains (intergranular) can increase the frac-
ture toughness by initiating dissipation mechanisms such as crack deflection and crack 
bridging (BEC91). In this case however, the intergranular crack path and the higher 
amount of glass phase do not lead to an increase in fracture toughness. 
The edge toughness is a measure for the susceptibility to edge chipping. The edge tough-
ness is related to the fracture toughness (GOT05), but theoretical background of this find-
ing has not been determined yet. During the edge toughness test chips are produced by 
the application of a load near the edge of a specimen. The chips have a similar geometry 
to what is observed on the cutting edge after the edge integrity test. It was therefore ex-
pected, that the edge toughness can give some preliminary information about the cutting 




edge integrity prior to the cutting trial on wood. Unfortunately, the edge toughness test 
seems to not be sensitive enough. 
Beside the grain size, also the chemistry of the intergranular phase plays a crucial role in 
governing mechanical properties (SAT05). XRD patterns reveal the difference in inter-
granular phase after hot isostatic pressing (HIP) at 1200 °C (H7.9 and G5.9+2) and 1400 
°C (G12). The samples which do not contain MgO as a sintering additive show a silicate 
phase, while the composite G5.9+2 exhibit an apatite-like phase (Y5Si3O12N). A more de-
tailed analysis of the intergranular phase by STEM EDX confirmed the presence of N in 
the intergranular phase of the specimen G5.9+2, while N was absent in the multiple grain 
junctions of specimen H7.9. The sintering additive elements Y, La and O were identified in 
the intergranular phase for the composition H7.9. The specimen G5.9 additionally con-
tained Mg. Furthermore, no Al was detected in the specimen H7.9 by STEM EDX detect-
ed by STEM EDX at the borders of the intergranular phase. It seems that the crystallisa-
tion of the intergranular phase leads to a depletion and Al is pushed to the borders of the 
multiple grain pockets. A depletion of the multiple grain junctions and a subsequent en-
richment of the residual glass phase with Al were described by Bodur et al. for Si3N4 sin-
tered with Al2O3 and Y2O3 (BOD93). EFTEM. This is probably due to the small amount of 
0.9 wt% only. Additionally, the energy loss values of Al are in a range difficult to detect by 
EFTEM. 
6.3.2 Cutting edge integrity 
Tool H7.9 and G12 give a nice surface finish of the cut wood. The unacceptable surface 
quality of the wood after cutting with knife G5.9+2 is caused by the chipping of the cutting 
edge. Chipping occurs in the region where the knife cuts the hard section of the beech 
plank composed of cross-grained wood with high glue content. The chipping leads to an 
uneven cutting edge and may induce blunting. Proper cutting through of the wood fibres 
becomes impossible and the resulting surface quality of the wood is unacceptable. The 
project partners experience showed that the first cut quality of a cutting tool is an im-
portant parameter especially for the carpenters. 
Several mechanical properties such as the fracture toughness and hardness contribute to 
the performance of a cutting tool. However, how the materials characteristics influence the 
cutting edge integrity is not fully understood yet. Density, hardness, indentation fracture 
toughness and edge toughness, which give macroscopic properties of the material, are 
not sufficient to explain the quality of the wood cutting tool edge. The first cut quality of the 
two gas pressure sintered specimens is different although there was no significant differ-
ence in mechanical properties and microstructural features measured. The observation of 




the crack path and the difference in intergranular phase indicate that the sintering addi-
tives have a crucial influence on the edge integrity. The superior edge integrity of the tools 
H7.9 and G12 might be due to the preferred silicate phase or due to the absence of MgO 
itself. The apatite-like phase Y5Si3O12N and/or the presence of MgO give unacceptable 
edge integrity. Apatite-like phases, i.e. Y5Si3O12N, have a coefficient of thermal expansion 
of about 10-5 K-1 (LOJ10), which is higher to e.g. the silicate phase Y2Si2O7 (SUN08). 
Lojanova et al. suggest that due to the difference in thermal expansion coefficient be-
tween the apatite-like intergranular phase and the Si3N4 matrix local stresses are induced 
which negatively influence the fracture behaviour of ceramics with apatite phases 
(LOJ10). The crack path analysis shows that there is a difference in microscopic fracture 
behaviour. Although this is not reflected in the fracture toughness or edge toughness it 
could play an important role in determining the edge integrity. If toughening mechanisms 
such as crack bridging are acting in the Si3N4/SiC composite material we could assume 
that fracture toughness rises with increasing crack size, meaning that the material shows 
R-curve behaviour (MUN01). When measuring the fracture toughness, e.g. by the SEVNB 
method relatively large cracks are introduced into the material. Consequently the fracture 
toughness KIc at large cracks is measured. However, we do not gain information about the 
fracture toughness at very small crack sizes. Two materials can have the same KIc value 
at large crack sizes and still show different fracture toughness at very small crack sizes. It 
is possible that the behaviour of the material at very small crack size is crucial for the cut-
ting edge integrity of Si3N4/SiC wood cutting tools. Assuming that this is true, a needle-like 
microstructure is not crucial for the performance of the Si3N4/SiC tools. 
It was further stated that Y2/La2Si2O7 in contrast to apatite-like phase has the higher oxida-
tion resistance and is better for high temperature mechanical properties of Si3N4 ceramics 
(BEC08). However, I assume that for the short term cutting tests the issue of oxidation 
and excessive temperature can be neglected. 
6.3.3 Evolution of the intergranular phase 
The HIP series at different temperatures (1200 °C – 1500 °C) with compositions contain-
ing different relative amounts of MgO was performed. The apatite-like phase Y5Si3O12N 
preferentially formed at lower HIP temperature and higher amount of MgO. The higher the 
HIP temperature and the lower the MgO content the preferable the crystallisation of 
Y2Si2O7. MgO tends to hinder the crystallisation of the silicate phases. From the analytical 
TEM study it is known that MgO is homogeneously distributed in the Y5Si3O12N-phase, 
thus holding an interstitial position. A similar observation was made by Becher et al. who 
observed the crystallisation of the La4.67Si3O13 in Si3N4 sintered with La2O3 and SiO2 sinter-




ing aids. However, for specimens with La2O3 and MgO sintering aids the nitrogen contain-
ing phase LaSiO2N was detected (BEC08, BEC10). 
 
6.4 Summary 
The gas pressure sintered Si3N4/SiC tool G12 containing 12 wt% of La2O3, Y2O3 and Al2O3 
sintering additives shows as good edge integrity as the cutting tool from the feasibility 
study (H7.9). The intergranular phase plays a crucial role in determining the cutting edge 
integrity. Composites with a silicate intergranular phase such as La2Si2O7 or Y2Si2O7 ex-
hibit more stable cutting edge in the wood machining trials than composites with an oxyni-
tride phase. Characteristic for the wood cutting tool G12 and the good edge integrity is the 
microscopic crack extension path, which propagates by intergranular fracture predomi-
nantly. The microscopic properties such as the local short crack toughness seem to play 
an important role for the edge integrity. It is still not fully understood how the macroscopic 
material properties such as hardness, fracture toughness and grain size determine the 
edge integrity of the material. The only reliable test for the edge integrity is the cutting trial 
on wood, itself. Thesis 3 is accepted. 
The presence of MgO inhibits the crystallisation of a silicate intergranular phase; instead 
an oxynitride phase is formed. The presence of this oxynitride phase or of the magnesia 
itself favours the transgranular fracture and reduces the quality of the wood cutting edge. 
Thesis 4 is accepted and MgO must be avoided for the production of successful wood cut-
ting tools. 
 
The next steps include the production of the composition G12 by the fully industrial pro-
cess at the project partner’s plant. These knives will be tested in a lifetime cutting trial on 









7 Lifetime and wear behaviour of optimised Si3N4/SiC 
wood cutting tools  
 
This chapter describes the comparison of the newly developed Si3N4/SiC tool with commer-
cially available tungsten carbide wood cutting tools. 
 
Thesis 5: A micro chamfer on the clearance face of Si3N4/SiC wood cutting tools stabi-
lises the cutting edge without a loss of first cut quality. 
Thesis 6:  Near net shaped Si3N4/SiC wood cutting tools outperform tungsten carbide 
tools in terms of lifetime. 
 
Based on the findings from chapter 5 and 6 three optimised MgO free compositions were 
chosen for investigation of the performance. The composition G12 known form chapter 6 al-
ready was produced by the fully industrial route at the project partner’s plant. Additionally two 
more compositions were produced with the near industrial processing route. The aim was to 
produce a more refractory intergranular phase by reducing the content of Al2O3 (G12A), which 
is not incorporated into the partially crystallised intergranular phase. Furthermore, some Al2O3 
was replaced by SiO2 (G12S) in order to facilitate the crystallisation of the favourable silicate 
phase. Hot isostatic pressing was carried out at 1400 °C as it was found to be more efficient 
for the partial crystallisation of silicate phases. The three compositions are tested for their me-
chanical properties. Subsequently, the cutting edge integrity as a function of the edge prepa-
ration and the composition was investigated in a short term cutting trial on laminated beech. 
Furthermore, the lifetime of the optimised ceramic matrix composite knives was tested and 
compared to two commercial tungsten carbide grades on MDF. The wear behaviour of the 
CMC was investigated. For further comparison with the standard tungsten carbide grade the 








7.1 Mechanical properties of optimised Si3N4/SiC composites 
The mechanical properties of the three optimised compositions G12-I, G12A and G12S are 
given in Table 7-1. The fracture toughness and the bending strength are highest for specimen 
G12-I. However, the hardness is lowest for G12-I. Fractography was carried out on the spec-
imens. For G12-I, produced by a fully industrial route the fracture origins were associated with 
porous areas. The specimen G12A and G12S broke either due to metallic inclusions or po-
rous areas. The metallic inclusions were found to be nickel rich (Figure 7-1). Figure 7-1 
shows the fracture origin of the specimen with the lowest bending strength (518 MPa). The 
fracture toughness of the specimen shown in Figure 7-1 was calculated using the Griffith for-
mula KIc = σY√a. The resulting calculated value is KIc ≈ 5.5 MPa√m. This is in the same 
range as the fracture toughness measured by the SEVNB method. The metallic inclusions are 
indeed the detrimental defects in the material. It has to be kept in mind that these inclusions 
are no sharp cracks. This explains the deviation from the measured KIc value. 
 
Table 7-1: Mechanical properties of the optimised compositions. All specimens were post 
sintering treated by HIP at 1400 °C. The fracture toughness and bending strength was 
measured on large bend bars. 
composition fracture toughness hardness bending strength 
 [MPa√m] [GPa] [MPa] 
G12-I 4.85 ± 0.56 16.12 ± 0.36 740 ± 60 
G12A 4.24 ± 0.23 16.75 ± 0.49 623 ± 79 
G12S 4.40 ± 0.34 16.76 ± 0.60 709 ± 83 
 
 
Figure 7-1: Fracture origin (F.O.) of a bend bar of composition G12A having a bending 
strength of 519 MPa. (a) Light microscopy image showing a black shiny inclusion. (b) SEM 
image of the fracture origin and (c) EDX spectrum of the point marked with a red star in (b). 
*Au and Pd result form the conductive coating. 
 




7.2 Microstructure of optimised Si3N4/SiC composites 
The density of the MgO-free Si3N4/SiC ceramics are given in Table 7-2 together with the 
grain size and the intergranular phase that developed during the hot isostatic pressing 
step at 1400 °C. The specimen G12A has the highest density. The grain size differs only 
slightly for the three compositions and is about 1 µm. The microstructure of the three 
compositions is displayed in Figure 7-2. The intergranular phase crystallised to form a sili-
cate phase (La4.6Si3O13) mainly. The specimens G12A and G12S simultaneously contain 
Y2Si2O7.  
 
Table 7-2: Density and microstructural properties of the optimised compositions without 
MgO. 
composition density grain size intergranular phase 
 [%] [µm] [-] 
G12-I 97.4 ± 0.4 1.02 ± 0.18 La4.6Si3O13 
G12A 98.8 ± 0.8 1.03 ± 0.16 La4.6Si3O13 + Y2Si2O7 
G12S 98.0 ± 0.5 0.96 ± 0.12 La4.6Si3O13 + Y2Si2O7 
 
 
Figure 7-2: SEM images of etched specimens G12-I (a), G12A (b) and G12S (c). 
 
7.3 Edge integrity of optimised Si3N4/SiC composites 
7.3.1 Effect of the micro chamfer on the edge integrity  
The cutting edge integrity can be increased by chamfering the cutting edge. Machine made 
micro chamfers lead to very rough surfaces, but the cutting edges are stable and do not chip. 
The opposite happens for machined edge without chamfers. Partly good surfaces are ob-
tained, however fine lines are visible in the cutting direction as a results of flaking of the cutting 
edge. Finishing the knives manually after the hot isostatic pressing gives the best results in 
terms of surface finish and edge integrity. The surfaces of the beech plywood cut with the ce-




ramic composite knives G12A are given in Figure 7-3. The knife G12A with handmade micro 
chamfer yields as good surface quality as the standard tungsten carbide knife. The knife 




Figure 7-3: Surface of glued beech after the cutting test with ceramic matrix composite 
(CMC) G12A with and without micro chamfer (MC) in comparison to surface cut with a 
standard WC knife. 
 
7.3.2 Effect of composition on the edge integrity 
The cutting edges of the Si3N4/SiC knives after the edge integrity on glued beech are given in 
Figure 7-4. The knives were polished manually and a micro chamfer was applied. Very few 
chips are visible on the cutting edges. The knives G12-I and G12A show the least amount of 
chips. Chipping occurs in the areas where the plywood contains high glue content. The larg-
est chip of the knife G12S was analysed by SEM (Figure 7-5). The origin of the chip was 
found to be a pore of 15 µm diameter. Pores as the origins of chipping were found in the 
composite G5.9+2 already. When cutting spruce, which belongs to the soft woods, the edge 
integrity is as good as for the WC knives if no big knots are present. 
 
 
Figure 7-4: Edge integrity of the compositions G12-I (a), G12A (b), G12S (c) after short term 
cutting trial on laminated beech. The edge integrity of knife G12A after cutting spruce with 
knots is shown in (d). The cutting edges were sharpened by hand and a micro chamfer was 
applied.  






Figure 7-5: Ceramic composite knife G12S after the edge integrity test. SEM image of a chip 
(a) and its fracture origin (b). White arrow shows the cutting edge. 
 
 
7.4 Lifetime cutting trial 
The lifetime of the three most promising ceramic composite knives is shown in Figure 7-6. 
The cutting tip radius is shown as a function of the cut distance on MDF. The three ceramic 
composite knives show longer life spans than the standard tungsten carbide knife (WC std). 
The longest life span (675 m) is reached with the high quality tungsten carbide (WC sup), fol-
lowed by the best ceramic composite knife with 475 m. Automatically machined knives show 
only 1/3 of the lifetime of the hand polished knives. 
Figure 7-7 shows an SEM image of the cross section of a knife before and after the cutting 
trial. A strong rounding of the cutting edge is visible. The edge recession determined by pro-
filometry is displayed in Figure 7-8 for knives WC sup and G12A. The cutting edge on the ce-
ramic composite knife G12A retracted less than the high quality tungsten carbide knife (WC 
sup). However it is obvious that the ceramic composite knife has a very rough cutting edge, 
while the tungsten carbide knife (WC sup) has an evenly abraded tip. The edge recession 
was additionally measured optically. The results are given in Figure 7-9. Again, it shows that 
the edge recession is least in the ceramic composite knife, especially where the cutting edge 
was in contact with the cover layer. Photographs of the high quality tungsten carbide knife 
(WC sup) and the ceramic composite G12A are shown in Figure 7-10. A built up edge made 
of wood dust and glue from the cut MDF is visible on the clearance face of both cutting knives. 





Figure 7-6: Tip radius as a function of the cutting distance of the ceramic composite and 
tungsten carbide knives. A tip radius ≥ 60 µm is the criterion for the end of life (orange line). 
The horizontal bars indicate the minimum and the maximum measured cutting distance. 
 
Figure 7-7: SEM image of the cross section of the cutting tip of knife G12A before (a) and 
after (b) the lifetime cutting trial. The nose radius (r) and the edge recession on the rake face 
(SV) are drawn. 
 
Figure 7-8: Edge recession determined by profilometry after the lifetime cutting trial of a ce-
ramic composite knife G12A (a) and a high quality tungsten carbide knife (b). CL names the 
region where abrasion by the cover layer of the MDF took place, IL stand for the intermedi-
ate layer. 





Figure 7-9: Edge recession measured optically after the lifetime cutting trial on MDF in the 
area of the dense cover layer and the less dense intermediate layer of the MDF. 
 
Figure 7-10: Cutting edge of high quality tungsten carbide (WC sup) and CMC composition 
G12A after the lifetime cutting trial. A built up edge on the clearance face is visible in the 
area where the cover layer of the MDF was cut. 
 
Figure 7-11 shows an SEM image of knife G12A. A large chip of about 300 µm length is visi-
ble. Additionally edge rounding which overlays the chip can be clearly observed. Furthermore, 
an oxygen rich layer forms at the contact areas of the knife with the wood (Figure 7-11). The 
transition from the abraded area of the cutting tip to the chipped region is shown in more de-
tails in Figure 7-12. A smooth surface is found in the abraded areas, while in the chipped area 
a fractured surface is detected. This is in contrast to the tungsten carbide knives, where only 
edge rounding but no chipping is observed. SEM images of the surface of a pristine (a) and 
an abraded area (b) after the lifetime trial are shown in Figure 7-13. The tungsten carbide 
grains are nicely embedded in the Co matrix in image a). However, the grooves from the ma-
chining process are visible in vertical direction. It can be concluded form image b) the wear in 
tungsten carbide knives proceeds via matrix wash out and grain pull out. 
 





Figure 7-11: Abraded cutting edge of tool G12A after lifetime cutting trial on MDF. SEM im-
age (left) and corresponding EDX spectra (right). In the smooth areas (*1) an oxygen rich 
layer has formed. 
 
Figure 7-12: SEM image of the transition from the abraded area to the chipped area of ce-
ramic composite knife G12A (a). Detailed structure of the abraded area (b). 
 
Figure 7-13: Initial state of the surface (a) and abraded surface (b and c) of a tungsten car-
bide knife (WC std) after the lifetime cutting trial.  
 
7.5 Friction coefficient 
The friction coefficients of the Si3N4/SiC ceramic composite (G12A) with polished surface and 
the standard tungsten carbide knives with polished and as received surface are shown in Fig-
ure 7-15. The surfaces of the ceramic composite and the polished tungsten carbide knives 
showed a roughness average Ra < 0.01 µm. The untreated tungsten carbide knives displayed 




Ra values of 0.38 µm. The latter untreated knife is used for industrial wood cutting. The sur-
face profiles of the tested woods are shown in a line scan in Figure 7-14. The roughness av-
erage of beech transversal to the fibre direction was 5.08 µm, the roughness average of the 
intermediate layer of MDF was 9.64 µm. The friction coefficients are similar for the ceramic 
composite and the tungsten carbide knives with polished surface (0.55 on beech and 0.48 on 
MDF). Tungsten carbide without polishing shows higher friction coefficients for both types of 
wood. Figure 7-16 gives the graph obtained in one measurement. Five line scans were per-
formed per measurement. The static and the dynamic friction coefficient are the same, as it is 
shown in the zoomed view of Figure 7-16. 
 
 




Figure 7-15: Friction coefficient of polished standard WC and of Si3N4/SiC composite G12A. 
Additionally, the commercial tool with untreated surface (WC std rough) is given too. 





Figure 7-16: Example of a friction coefficient measurement of ceramic composite G12A on 
beech. The enlarged view of the initial part of the measurement shows the static and the dy-
namic range of the friction coefficient (right). 
 
7.6 Cutting forces 
The filtered forces in x-, y-. and z-direction for the machining of beech and MDF with the 
knives G12A at a feed rate of 18 m/min are given in Figure 7-17. The working plane is 
given by the directions x and y, while direction z is parallel to the rotation axis of the mill-
ing cutter. The measured forces fluctuate heavily when cutting beech. The cutting force 
when machining MDF is generally higher than for the machining of solid wood, such as 
beech or spruce (see Figure 7-18). MDF shows least scattering in the cutting force, it was 
therefore chosen for comparison of the three types of knives. Figure 7-19 gives an over-
view of the cutting force and the normal cutting force for standard tungsten carbide (in as 
received state) and the best CMC knives (G12A) with and without micro chamfer (MF). 
Figure 7-20 displays the specific cutting force, which is normalised by the chip thickness. 
These three graphs reveal that there are only minor differences in the cutting forces be-
tween the WC std and G12A MF. When cutting with tool G12A without MF large scattering 
in the cutting force is visible in the cutting force and the normal cutting force. 
 





Figure 7-17: Filtered forces in x-, y- and z- direction when machining beech (a) and MDF (b) 
with knife G12A with MF at a feed rate of 18 m/min. 
 
 
Figure 7-18: Cutting forces FC of cutting tool G12A with MF when machining spruce, beech 
and MDF as a function of the teeth feed fz. 
 
    
Figure 7-19: Cutting force FC (left) and normal cutting force FCN (right) as a function of the 
teeth feed fz when machining MDF. 





Figure 7-20: Specific cutting force kC and as a function of the reciprocal chip thickness (hm) 
when machining MDF. 
 
The wood surfaces machined during the cutting force test with the highest feed rate of 36 
m/min are shown in Figure 7-21. The best surface quality on spruce was obtained when 
cutting with the ceramic matrix composite tools G12A MF. The milling with the standard 
tungsten carbide tool yields a very rough surface on spruce. For all types of wood and 
knives certain waviness is visible, marked in Figure 7-21 with vertical lines. This is charac-
teristic for excessive feed rates and appears when there is not enough overlap between 
the single cutting actions of one knife. The cutting edge of the ceramic composite knife 
with micro chamfer (G12A MF) is very stable and no chipping occurs. On the contrary, the 
knives G12A without micro chamfer (no MF) show some chip formation which are visible 
as fine lines on the machined wood surface, as indicated with the arrows in Figure 7-21. 
 
Figure 7-21: Wood surfaces (spruce, beech and MDF) after the cutting force tests with 
standard tungsten carbide, and the CMC composition G12A with and without micro cham-
fer. Vertical lines show the regular pattern of waviness. The arrows indicate line-like marks 
due a chip on the cutting edge. 




7.7 Corrosion resistance 
No weight change could be observed for the knives immersed in 0.1 N tannic acid. How-
ever, ring like defects on the surface of the tungsten carbide knives (WC std) immersed 
for ≥16 h were seen by light microscopy (Figure 7-22, a). SEM shows that the centres of 
these rings are actually corrosion pits (Figure 7-22 b). The longer the immersion the larger 
and the more frequent the corrosion pits become. The high quality tungsten carbide (WC 
sup) is more resistant to corrosion. But nevertheless, pits are visible for specimens 
soaked for ≥ 32 h. The ceramic composite knives do not show an alteration of the surface 
after soaking in tannic acid. An SEM image of the surface of the composite G12A is 
shown before and after the corrosion test (Figure 7-23). 
 
 
Figure 7-22: Light microscopy image (a) and SEM image of surface of standard tungsten 
carbide (WC std) after immersion in tannic acid for 32 h. Corrosion defects are visible. 
 
 
Figure 7-23: SEM images of the ceramic composite knife G12A before (a) and after (b) the 
immersion in tannic acid for 32 h. No alteration of the surface is visible. 
 





7.8.1 Mechanical properties and microstructure 
The three ceramic composite specimens do not differ greatly in mechanical properties or 
microstructure as their composition varies only slightly (Table 7-1 and Table 7-2). The 
specimen G12-I made by a full industrial process shows higher bending strength (740 
MPa) and fracture toughness (4.85 MPa√m). The goal of rendering the Si3N4/SiC compo-
site more refractory by reducing the amount of alumina was successful. The hardness in-
creased compared to the composition G12-I. Metallic inclusions were found to be the frac-
ture origins for the compositions made by the near industrial route at Empa (G12A and 
G12S). They reduce the strength compared to the composition G12-I, where no metal res-
idues were found. The metallic inclusions are possibly due to the metallic sieves used dur-
ing the powder processing step of the near industrial route. For the latter specimen G12-I 
the fracture origins were porous areas mainly. For further increasing the mechanical prop-
erties these porous areas should be reduced as they increase the susceptibility to chip-
ping. The grain size is in the same range for all compositions (1 µm). 
7.8.2 Lifetime comparison with tungsten carbide tools 
The chipping of the cutting edge can be substantially reduced when a micro chamfer is 
applied to the cutting edge. The positive effect of chamfering on the stability of the cutting 
edge was already shown for polycrystalline diamond wood cutting tools (HEI06). The mi-
cro chamfer stabilises the cutting edge and reduces the wear due to a reduction of the 
wedge angle. However, a larger wedge angle leads to a reduction of the cutting quality. 
The automatically machined micro chamfer which was applied before the hot isostatic 
pressing step led to relative blunt cutting edges and consequently to improper cutting of 
the wood fibres resulting in unacceptable surface quality of the wood. However, if the mi-
cro chamfer was manufactured after the HIP step by hand, the edges were sharp enough 
to produce a nice surface finish. 
In the lifetime test (Figure 7-6) on medium density fibre board (MDF) the knife G12A 
shows the longest lifecycle (475 m), it is twice as long as for the standard tungsten car-
bide knife (250 m). However, the high quality tungsten carbide has a lifetime of 675 m. 
The Si3N4/SiC composites in contrast to tungsten carbide cutting tools show a rough cut-
ting edge after the lifetime test on MDF (Figure 7-8). This is a consequence of the slight 
chipping occurring within the first cutting meters. The initial chipping is followed by abra-
sive wear in which a protective SiO2 layer is formed (Figure 7-11 and Figure 7-12). The 




wear in tungsten carbide tools progresses via matrix wash out (Figure 7-13). The same 
wear mechanism was reported by Sheikh-Ahmad et al. (SHA99). Continuous abrasive 
wear is the desired mechanism as it allows estimating the lifetime. When considering the 
edge recession (Figure 7-8 and Figure 7-9), the composite tool G12A shows less edge 
recession than the high quality tungsten carbide knife (WC sup). The Si3N4/SiC cutting 
tool shows 1/2 to 1/3 less edge recession. This could be due to the higher hardness of the 
Si3N4/SiC composite compared to tungsten carbide and due to the SiO2 layer formed dur-
ing the wood cutting. Chipping of the Si3N4/SiC cutting tool predominantly happens when 
cutting solid wood with hard knots wood composites with abrasive binder or glass, such as 
in laminated beech. However, when cutting relatively homogeneous soft and hard wood or 
even MDF the cutting edge is stable and no detrimental chipping is observed. This is the 
case even for the highest feed rate of 36 m/min. Furthermore, the surface finish is equal 
or even better for the chamfered Si3N4/SiC cutting tool than for the standard tungsten car-
bide tool (Figure 7-21). These facts show the potential of the Si3N4 based cutting tools for 
high speed wood machining. A challenge however remains the statistical spread of e.g. 
the strength of ceramics. A careful control of the production, including the powder produc-
tion, pressing and machining is indispensable. Especially the final polishing step is crucial. 
Automatically polished knives only show 1/3 of the lifetime of handmade knives. As a re-
sult, an adequate procedure must be found for industrial manufacturing of sharp cutting 
edges. 
7.8.3 Cutting force and friction coefficient 
As especially solid wood is a very inhomogeneous material the measured cutting forces 
and the friction coefficients show large deviations. The comparison of the cutting force of 
the different tools was therefore analysed on MDF which is more homogeneous and 
shows the highest cutting force of the tested woods (Figure 7-19). The cutting force of the 
tool G12A without micro chamfer fluctuates extensively. This could be due to the instability 
of the cutting edge and the chipping which is taking place during the cutting force test. Be-
tween the chamfered tool G12A and the standard tungsten carbide tool no significant dif-
ference was observed. The cutting force of the ceramic tool is slightly higher, due to the 
larger wedge angle of 60° compared to 50° for the tungsten carbide tool. However, I think 
that due to the lower friction coefficient of the polished Si3N4/SiC tool the drawback of the 
larger wedge angle was compensated to a large extent. 
No difference in friction coefficient was measured between the Si3N4/SiC tool and the 
standard tungsten carbide tool having the same surface roughness (Figure 7-17). The fric-
tion coefficient is dependent on the roughness of the tool surface more than on the type of 
material. A smaller coefficient of friction was observed for polished tools, due to the small-




er interaction of asperities between the wood and the tool surface. The friction in wood 
cutting plays a role especially on the rake face, where the wood chip is pushed along the 
tool surface. 
7.8.4 Corrosion behaviour 
The influence of exposure to tannic acid was investigated for tungsten carbide tools 
(PUG01) and steel tools (WIN09). The formation of surface defects and a consequent re-
duction in strength were recorded (PUG01). Similar defects were observed in this thesis, 
where corrosion pits were detected after immersion in tannic acid for 16 h. The quantity 
and size of pits increases with prolonged immersion time. However, no weight change 
was observed. On the other hand the surface appearance of the Si3N4/SiC knives is unaf-
fected by the tannic acid environment. This suggests that corrosive attack does not ham-
per the performance of the ceramic composite knives. 
  
7.9 Summary 
A hand-polished micro chamfer on the cutting edge of the Si3N4/SiC wood cutting tool in-
creases the edge integrity. Spruce, beech and MDF can be machined at feeds of 36 
m/min with excellent surface finish. Chipping only occurs when cutting very inhomogene-
ous wood with hard knots. The micro chamfer on the Si3N4/SiC tool does not lead to a 
significant increase in cutting force. Similar values than for the standard tungsten carbide 
were recorded. Thesis 5 is confirmed. 
The Si3N4/SiC wood cutting tools outperform the standard tungsten carbide tools in terms 
of lifetime. This is due to the higher hardness of the ceramic composites and possibly due 
to the protective SiO2 layer which is formed by a tribochemical reaction during the wood 
machining. The first cut quality of the wood surface is superior to the surface machined 
with standard WC. The longest lifetime among the ceramic composite tools was reached 
with the composition G12A, which contains the most refractory intergranular phase. Figure 
7-8 and Figure 7-9 reveal the actual potential of the Si3N4/SiC wood cutting tools. The 
edge recession could be reduced by 1/3 to 1/2. However, this implies that the defects near 
the cutting edge are eliminated. On the one hand, this requires a careful control of the 
processing in order to rule out defects such as pores and agglomerates. On the other 
hand an automated polishing procedure must be developed which inhibits the introduction 
of micro cracks at the cutting edge. All these defects can act as origins of chipping and 
consequently limit the potential of the Si3N4/SiC wood cutting tools. Thesis 6 is confirmed.






The introduction of ceramics into the market of wood cutting tools has failed so far due to 
the generally low toughness of ceramics which is causing brittle failure of the cutting edge 
and due to the high production costs. An alternative processing route to hot pressing was 
developed for the fabrication of Si3N4/SiC wood cutting tools. The new industrially viable 
near net shaping route includes pressing of granulates into near-end geometry, gas pres-
sure sintering and hot isostatic pressing. The microstructure obtained by the new pro-
cessing route is relatively coarse (~ 1 µm) and most Si3N4 grains have a low aspect ratio. 
A finer microstructure and a larger aspect ratio would lead to higher hardness and fracture 
toughness respectively, which would be preferred for the wood cutting application. How-
ever, a careful selection of the sintering additives and of the post sintering heat treatment 
can compensate the above microstructural disadvantages. 
A combination of different sintering additives is required for achieving a good balance be-
tween densification behaviour and mechanical properties. La2O3 and Y2O3 are refractory 
sintering aids which govern the performance of the cutting tools. On the contrary, Al2O3 
and MgO lower the liquidus temperature of the intergranular phase and consequently im-
prove the densification behaviour. This allows the sintering of the Si3N4/SiC composite in a 
temperature and N2 pressure range where both Si3N4 and SiC are stable. The post sinter-
ing treatment by hot isostatic pressing in N2 at temperature between 1200 -1400 °C is cru-
cial for the edge integrity of the Si3N4/SiC wood cutting tools. During the hot isostatic 
pressing the intergranular phase crystallises partially and machining cracks are healed. 
The type of crystalline phase formed depends on the type and quantity of Al2O3 and MgO 
sintering additives. A lanthanum or/and yttrium silicate phase is formed of the following 
additive system: 1 - 2.2 wt% Al2O3, 5.5 - 6.1 wt% La2O3 and 4.4 - 4.9 wt% Y2O3. However, 
if MgO is added additionally the crystallisation of a silicate phase is hindered and an ox-
ynitride phase forms instead. The smaller the addition of MgO and the higher the tempera-
ture during the hot isostatic pressing treatment the more probable is the crystallisation of a 
silicate phase. The edge intergrity of the Si3N4/SiC cutting tools and therefore also the 
wood surface quality is much better for MgO free compositions with a silicate type inter-
granular phase, although the mechanical properties are similar. However, it was found 
that the crack path of MgO free and silicate containing composites progresses via inter-
granular fracture mainly. While the crack of MgO and oxynitride containing composites 
proceeds via transgranular fracture. The edge integrity and chipping behaviour of the 
sharp cutting edges are therefore not only controlled by macroscopic properties such as 




fracture toughness, but also by microscopic characteristics e.g. the local short-crack 
toughness. As a consequence MgO must be avoided for the production of Si3N4/SiC wood 
cutting tools. 
A reduction of Al2O3 sintering aid from 2.2 wt% to 1.0 wt% combined with a rise in La2O3 
and Y2O3 leads to an increase in the lifetime by more than 40 %. The newly developed 
Si3N4/SiC wood cutting tools outperform commercial tungsten carbide tools in terms of 
both first cut surface quality and lifetime. This is due to the higher hardness compared to 
standard tungsten carbide tools and due to the fact that an oxygen rich protective layer 
forms on cutting edge which is in contact with the wood. 
However, the full exploitation of the potential of Si3N4/SiC cutting tools is limited by pro-
cessing defects such as pores, agglomerates and micro cracks introduced during machin-
ing. Such defects might no be the largest flaws in the material. But if they are located near 
the cutting edge they can act as origins for chipping. Optimisation and careful control dur-
ing the processing of the ceramic matrix composites are crucial. Additionally, an automat-










The production of Si3N4/SiC wood cutting tools by a cost effective near net shape pro-
cessing route was successfully carried out. The powder metallurgy processing is one pos-
sibility. Other near net shaping methods such as injection moulding or gel casting are 
possible. Compared to hot pressing which was performed during the course of the feasi-
bility study (EBL07) the gas pressure sintering yields different microstructures, especially 
the grain size is significantly larger in newly developed route. As already mentioned by 
Beer et al. submicron sizes microstructure are best suitable for the wood cutting process 
(GOG09). Generally it is accepted, that a submicron sized microstructure can improve the 
mechanical properties such as hardness and wear resistance. The use of nano sized sin-
tering additive or Si3N4 powders could increase the driving force for sintering. This could 
allow lowering the sintering temperature and time and consequently reducing the grain 
growth. Additionally, more refractory sintering additives could be used. A fine grained mi-
crostructure of the Si3N4/SiC composites could be obtained by carrying out the densifica-
tion step by encapsulated hot isostatic pressing. The knife like shaped green bodies could 
be covered by a glass capsule and the consolidation carried out at high pressure and 
temperature. There are several advantages of the above method. Firstly, the grain size 
could be reduced as the high pressure in HIP restricts the grain growth. Secondly, the de-
composition of SiC could be better controlled due to the sealing of the specimens by a 
glass layer. And last but not least, HIP would allow to use more refractory sintering addi-
tives, this may increase the hardness and the lifetime. A drawback of the direct HIP pro-
cess is the removal of the glass capsule. 
The best lifetime was obtained for the Si3N4/SiC cutting tool with the most refractory sin-
tering additives. It is generally accepted, that a higher hardness reduces the wear of cut-
ting tools. Increasing the hardness could increase the lifetime further. Al2O3 based ceram-
ics have higher hardness than Si3N4 ceramics and this could results in a further increase 
in lifetime. However, the advantage of the current system is the higher fracture toughness, 
which to some extent controls the chipping behaviour. If chipping in an Al2O3 based com-
posite could be controlled for example by a very fine microstructure (GOG09) or with a 
reinforcement phase (LIM09; LIB10) these materials could be a viable alternative. A fur-
ther cutting material which has to my knowledge not yet been investigated for the applica-
tion as a wood cutting tool are SiAlONs. They are frequently used in the metal working 
industry. They are easier to consolidate than Si3N4 ceramics (BIT08) and show good me-
chanical properties. The properties of SiAlON can be tailored by varying the ratio of α’- 




SiAlON to β’-SiAlON (HAM07) or by incorporation of secondary phases such as SiC, WC, 
Ti(C,N) and others (BIT08). 
Ceramic tools have the potential to be used for high speed machining. Due to their small 
weight compared to metallic tools the centrifugal force is smaller which allows rotating the 
tool head at higher speeds. However, for a full exploitation of the potential of ceramic cut-
ting tools more research must be performed for the tooling systems. Stiff tooling materials 
and machines are required for high speed cutting (KIS06). Excessive oscillation of the 
machine system could induce undesired forces on the ceramic cutting tools which might 
cause chipping. The shape of the ceramic composite cutting tools was the same as for the 
tungsten carbide tools. However, the small wedge angle is an unfavourable geometry for 
brittle materials. The adjustment of the tool geometry and possibly of the clamping system 
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